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ABSTRACT
Using Fundamental Properties of Light to Investigate Photonic Effects in
Condensed Matter and Biological Tissues
by
Laura A. Sordillo

Adviser: Professor R. R. Alfano

Light possesses characteristics such as polarization, wavelength and coherence. The interaction of light and matter, whether in a semiconductor or in a biological sample, can reveal
important information about the internal properties of a system. My thesis focuses on
two areas: photocarriers in gallium arsenide and biomedical optics. Varying the excitation
wavelength can be used to study both biological tissue and condensed matter. I altered
the excitation wavelengths to be in the longer near-infrared (NIR) optical windows, in the
shortwave infrared (SWIR) range, a wavelength region previously thought to be unusable
for medical imaging. With this method, I acquired high contrast images of hidden abnormalities. I also reached deeper penetration depths through media like the breast, prostate,
bone and brain, as well as cancerous tissues. By changing the wavelength of the incident
light, select transitions from the sublevels can be obtained and by utilizing light beams carrying spin angular momentum (SAM) and orbital angular momentum (OAM), the electron’s
orbital motion in a semiconductor can be altered, resulting in the formation of photogenerated spin-polarized electrons. OAM and SAM can be used to enhance communications,
information and computers.
Understanding the mechanism of electron spin relaxation is important for engineering
devices which rely on long spin relaxation times. GaAs is a key direct bandgap semiconductor
used for photoemitters such as LEDs, laser diodes and photodetectors. I investigated the
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interaction of twisted photons (light carrying SAM and OAM) with a p-type bulk GaAs
sample and a GaAs photocathode with a layer of cesium (Cs) (Cs-GaAs). The transfer of
SAM and OAM light to polarized electrons were evaluated using a Cs-GaAs photocathode
optical device. This study merges two important fields: condensed matter and complex light.
The degree of photogenerated electron polarization was calculated based on the photocathode
signals and varied due to the wavelength of the excitation beam, the handedness of the beam
and the value of `. I also acquired spin relaxation times from bulk p-GaAs and Cs-GaAs
using time-resolved photoluminescence spectroscopy and twisted photons. I used a streak
camera to acquire direct time-resolved measurements, giving important information on the
carrier dynamics during ultrafast photoexcitation and photo-ejection of electrons. Lifetime
results demonstrate that the Cs-GaAs device can be utilized as an efficient source of spin
polarized electrons.
Just as GaAs is the key material for studying spin-polarized electrons with optical techniques, tryptophan, an essential amino acid, is key to studying the interaction of light with
biological tissues. I used label-free optical techniques to evaluate the relative tryptophan
content in normal and diseased tissues. Fluorescent spectra from breast samples were analyzed in terms of relative tryptophan content using a ratio of emission peaks maxima.
Results showed that these tools can be used to distinguish normal from malignant tissues.
When these results were evaluated in terms of patient histologies, I found that there exists a
extremely strong correlation between increased tryptophan content and high cancer grade.
This data shows that there is a profound correlation between increased tryptophan content
in a cancer and its aggressiveness and potential to metastasize. This also demonstrated that
fluorescence of tryptophan can be useful as part of the evaluation of patients with breast
cancer. I also explored the role of tryptophan in the neurodegenerative disease, Alzheimer’s,
using fluorescence. I discovered that tryptophan to tryptophan metabolite (kynurenine)
ratios in the hippocampus and in Brodmann’s area 9 were markedly decreased compared
to ratios in normal individuals but these results were not seen in Brodmann’s area 17, an
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area minimally affected in patients with Alzheimer’s disease. These results highlight the
importance of tryptophan in biologic tissue such as cancer and neurodegnerative disease.
This is further evidence that abnormal tryptophan metabolism is involved in the causation
of Alzheimer’s disease.
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Chapter 1
Introduction

1.1

Overview

The interaction of light and matter, whether it be a semiconductor or a biological sample,
can reveal important information on the internal processes of the system. The focus of
this thesis is on photoexcited carriers in GaAs and photonic effects in biological tissues.
This work advances the fields of photonics and biomedical optics. Light possesses salient
properties such as polarization, wavelength and coherence [1]. Polarization is an intrinsic
property of the electromagnetic wave and is described by the orientation of the electric
and magnetic field oscillations. In 1936, Beth showed that circularly polarized light carries
spin angular momentum (SAM) using a rotating birefringent plate [2]. The control and
manipulation of light’s intrinsic properties can give select information on the structure and
composition of the material. Light, which is comprised of photons, possesses memory and
carries information. The path of a photon through a material is dependent of the initial state
of the photon and the internal properties of the material. When the photon is ultimately
detected, information on the state of the system can be revealed. In 1968, Lampel used
SAM to optically pump electrons from the valence band to the conduction band in silicon,
transferring spin from the photon to the electron and resulting in spin-polarized electrons
1
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[3]. Since that time, there has been significant attention among engineers and physicists
on the use of circularly polarized light carrying SAM to produce spin-polarized electrons in
semiconductors. Spintronic devices are based on the control and manipulation of electron’s
spins in materials such as semiconductors. Gallium arsenide (GaAs), a key semiconductor,
and GaAs-based materials are utilized in many devices because of its high electron mobility.
Recently, a new field of optics, known as complex light or structured light, has emerged
based on polarization and optical vortex beams. Unlike a simple Gaussian beam, optical
vortex beams are based on the manipulation of the wavefront of the light beam. Vortex
beam or twisted light refers to the phase gradient around the singularity on the wavefront
exp[i`φ], where ` is an integer and φ is the azimuthal angle. Almost 20 years ago, it was
shown that the light beam with exp[i`φ] carries orbital angular momentum (OAM) with `~
per photon and can be described by the azimuthal energy flow around the vortex beams
and the rotational torque within it [4 - 7]. Unlike spin angular momentum (SAM) with two
states (spin up or spin down), OAM has countless orthogonal states and thus, may be used
to encode more information for optical communication [8]. A subset of these beams, the
Laguerre-Gaussian (LG) beams or optical vortex beams with transverse modes, has emerged
with applications such as optical tweezers [9 - 11] and STED microscopy [12, 13].
Spin-polarized electrons are involved in optical events including excitation, relaxation
and recombination. In this thesis, several experiments were performed to observe these
processes as well as the transfer of SAM and OAM light to generate photogenerated polarized
electrons. The signals, generated from twisted photons carrying SAM and OAM and detected
from a Cs-GaAs based photocathode photonic device, were used to calculate the degree of
polarization of the photogenerated electron signals. The spin relaxation and recombination
times were also studied from a Cs-GaAs photocathode device and a p-GaAs bulk sample
using time-resolved (TR) spectroscopy. and SAM and OAM light excitations.
The potential for the use of OAM in optics and spintronics has not been realized. Although OAM absorption by interband excitation has been considered theoretically, there are
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limited studies on the use of OAM light to generate polarized electrons in semiconductors
[14 - 19]. The exploitation of the transfer of SAM and OAM to the electron’s spin in GaAs,
a key semiconductor, may lead to the creation of new spintronic devices and expand the field
of computing, information and communications.

1.2

Statement of Thesis

This thesis focuses on the study of light-matter interactions in condense matter and biological
tissues. Part I describes twisted photons carrying spin angular momentum (SAM) and orbital
angular momentum (OAM), and the photogenerated polarized electrons they create, when
interacting with gallium arsenide (GaAs), a direct band photonic semiconductor. This thesis
aims to show that light carrying SAM and OAM can optically pump and transfer information
to the electron in GaAs. It also highlights the use of the Cs-GaAs photocathode photonic
device as an efficient source of spin-polarized electrons. These phenomena can be utilized
to control and manipulate the electron’s spin and can used to engineer efficient spintronic
devices.
Part II describes the use of label-free optical techniques for the assessment of normal
and diseased human tissues. The role of tryptophan, a key biomolecule in tissue and intrinsic biomarker, is discussed. This section introduces a novel, compact, fluorescence LED
device for the non-invasive detection and assessment of disease; and aims to show that
these label-free optical techniques, based on the optical fingerprints of tryptophan and other
biomolecules, can be utilized to assess and detect normal and diseased tissue. Paired human
breast, normal and malignant, tissue samples from patients with different subtypes were
evaluated based on their relative tryptophan content.
Abnormal tryptophan metabolism is a major factor in Alzheimer’s disease. Thus, understanding the role of indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase
(TDO), enzymes that causes increased tryptophan metabolism down the kynurenine path-
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way, is crucial. Alzheimer’s disease was studied by comparing tryptophan to tryptophan
metabolite (kynurenine) ratios in areas of the brain of Alzheimer’s patients and age-matched
controls. This thesis shows that the optical properties of tryptophan/kynurenine can shed
light on the degree of neuroinflammation and of IDO or TDO activities in areas of the brain
affected by Alzheimer’s disease.
Part III summarizes the investigations outlined in this thesis and future directions. Future
projects will utilize the tools outlined in this thesis, merging complex light techniques with
biological tissue to investigate quantum effects in the brain.
The sections are divided as follows. Chapter 1 gives an overview of the thesis. Chapter 2
describes the crystalline structure and energy band of gallium arsenide. Chapter 3 introduces
spin- polarized electrons in the field of spintronics, describes spin angular momentum and
defines selection rules of GaAs using spin angular momentum.
Chapter 4 shows the origins of the orbital angular momentum of light as described by
Maxwell’s equations and the paraxial approximation, followed by the determination of selection rules in GaAs using OAM. Chapter 5 highlights the many ways OAM light can be
generated, with emphasis on liquid q-plates of different topological charges.
Chapter 6 introduces the compact gallium arsenide with cesium (Cs) photocathode photonic device for the investigation of photogenerated polarized electrons. The degree of polarization of the electron using the photonic device is calculated and analyzed in terms of SAM
and OAM optical pumping. Chapter 7 describes direct time-resolved SAM photoemission
from a bulk p-GaAs sample and the Cs-GaAs photocathode using a streak camera and ultrafast femtosecond Ti:Sapphire laser. Temporal and spatial information was obtained. Key
spin processes in the material are analyzed and the degrees of polarization are calculated.
Chapter 8 introduces time-resolved OAM photoemission from a bulk p-GaAs sample and
from the Cs-GaAs photocathode using q-plates of different topological charge.
In Part II, Chapter 9 describes photon propagation through turbid media like tissue.
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Near-infrared (NIR) and short wavelength infrared (SWIR) imaging techniques are discussed. The optical properties of tissue with applications to SWIR imaging and SWIR
imaging using the supercontinuum laser light source are investigated. The SWIR imaging
unit with broadband SWIR light and InGaAs detector for deeper depth penetration and
imaging is introduced. Chapter 10 highlights light’s fundamental properties with biological
tissue. The optical properties of tryptophan and other key biomolecules in tissue, which
can be utilized in the assessment and evaluation of diseases such as breast cancer, is discussed. A compact, novel optical device based on the optical fingerprints of tryptophan and
other biomolecules is introduced to distinguish normal and malignant breast tissue. Chapter
11 describes the correlation that I found between relative tryptophan content and breast
cancer histologies. Chapter 12 discusses the results I found in Alzheimer’s patients using
fluorescence spectroscopy the role of abnormal tryptophan in normal and neurodegenerative
diseases including Alzheimer’s disease using fluorescence spectroscopy.
Finally, Part III (chapter 13) gives a summary of the experiments presented in this
thesis and future directions on the use of SAM and OAM in the field of spintronics and its
applicability to other areas such as quantum entanglement in the brain.

Part I
APPLICATIONS OF
LIGHT-MATTER INTERACTIONS
IN CONDENSED MATTER

6

Chapter 2
Properties of Semiconductors

2.1

Introduction

To understand the mechanics by which spin-polarized electrons occur in semiconductors
like gallium aresenide (GaAs) due to the absorption of light, it is important to know the
properties of the material’s band structure.

Semiconductors can be classified by their

electronic band structure, crystalline structure and optical properties. GaAs is a direct
bandgap III-V semiconductor compound made of Ga (1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p1 ) and As
(1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p3 ) and is known as one of the most versatile semiconductors with
a range of photonic applications including photodetectors, photoemitters, Gunn detector,
speed semiconductor devices, optoelectronic devices and nanotubes [20 - 22]. GaAs was
first created in the 1920s by Goldschmidt and has several advantages compared to silicon (a
traditionally used semiconductor) including wider energy bandgap and superior mobility of
electrons [23]. In this chapter, the electronic band structure and crystalline lattice structure
of GaAs is described.

7
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GaAs Energy Bands and Crystalline Structure

GaAs is zincblende structure based on a diamond arrangement with one face-centered cubic
(fcc) lattice consisting of the Ga atom and the other fcc lattice of As. There are four
molecules of GaAs in each elemental cube [20, 21, 24]. At room temperature (300K), its
lattice constant is a0 = 5.653 Å with a density of 5.318 g/cm3 . Figure 2.1 shows the crystal
structures of silicon (Si) and GaAs.

Figure 2.1: Crystal structure of Si and GaAs [25]

An electron in a crystalline structure, like in GaAs, can be described using quantum
mechanics due to the particle-like and wave-like properties (wave-particle duality). The
electron wavefunction can be defined by the Schrödinger equation (equation 2.1), where the
electron is subjected to a periodic potential V (~r) with solution of the form of the Bloch
functions (un )
−~2 2
∇ ψ + V (~r)ψ = Eψ
2m

(2.1)

Hψ = Eψ

(2.2)
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~ r = un k,~
~ r exp i~k~r
ψn k,~

9
(2.3)

Equation (2.2) is equation (2.1) in terms of the Hamiltonian (H). The Bloch function is a
 
~ r represents an amplitude factor in space, ~k is the
linear combination of waves, where un k,~
wave vector and n in the electron band index (equation (2.3)). By plugging this solution into
 
the Schrodinger equation, the three-dimensional energy dispersion function, En ~k , which
possesses certain energy bands and period length, can be obtained. The k space represents
periodic functions of c in the kx a0 = 2π direction.

Figure 2.2: GaAs crystalline structure with energy bands and corresponding symmetry point
Γ, X, L, K, U points [26]

Symmetry points along the periodic segment in k space identify several bandgaps. The
band structure of GaAs includes an initial and final state due to conservation of momentum,
yielding the energy and momentum relationship. In the case of GaAs, the smallest band
gap (between the conduction band and the valence band), is at the Γ- center point within
the first Brillouin zone. There are other symmetry points along the k axis other than the
Γ-point. Figure 2.2 shows the GaAs crystalline structure with Γ, X, L, K, U points and
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corresponding energy bands. In this thesis, only transitions along the Γ- center point within
the first Brillouin zone will be investigated.

Figure 2.3: A detailed 2-D representation of the electronic energy band structure of GaAs
[27]

Figure 2.3 shows a detailed 2-D representation of dispersion curves versus k for carriers
for the electronic energy band structure of GaAs [27]. At the Γ-point, the valence band (psymmetry) is divided into four-fold degenerate P 3 states at Γ8 ; a heavy hole (hh) at the Γ8h
2

band and light hole (lh) at the Γ8l band. The split-off (so) valence band at Γ7 is separated
from Γ8 by an energy difference of ∆ = 0.34 eV (temperature independent) and consist of
two-fold degenerate P 1 states. The s-symmetry conduction band, with two-fold degenerate
2

S 1 , is located at Γ6 . At room temperature, the upper valence bands at Γ8 and the lowest
2

conduction band at Γ6 are separated by an energy gap Eg = 1.43 eV (Eg = 1.52 eV at 0 K).
The band structure near the Brillouin point can be calculated by the ~k · p~ method which
relates energy levels at k to the effective mass. Equation (2.4) is obtained by inserting the
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periodic wave function into the Hamiltonian for a single electron in a periodic potential V (~r),
giving Schrodinger equation in terms of ~k · p~
     
  

2 2
~ ~
~
k
p~ · p~
~ r = En ~k −
~r
+ V (~r) +
k · p~ un k,~
un k,~
−
2m0
m0
2m0

(2.4)

where p~ is momentum operator p~ → −i~∇. In GaAs, the hh and lh bands are close to each
other, resulting in valence band mixing. This gives nonparabolic dispersion functions E(~k).
The two band model gives a 4x4 Hamiltonian in equation (2.5)



P
+
Q
S
S
1
k
k
k
 k
 |3/2,


 −S ∗

Pk − Qk
0
Rk 
k

 |3/2,


 R∗
 |3/2,
0
P
−
Q
S


k
k
k
k


0
Rk∗
Sk∗
Pk + Qk
|3/2,


+3/2i

+1/2i


−1/2i


−3/2i

(2.5)

where
Pk =


~2 γ1 2
kx + ky2 + kz2 − Ev0
2m0

(2.6)


~2 γ2 2
kx + ky2 − 2k 2z
2m0

(2.7)

Qk =

√ ~2 γ2 2
√ ~2 γ3

kx ky
Rk = − 3
kx − ky2 + i2 3
2m0
2m0

(2.8)

√ ~2 γ3
Sk = 2 3
(kx − ik y ) kz
2m0

(2.9)

and γ1 , γ2 and γ3 are the Luttinger parameters. In the case of cubic semiconductor GaAs at
low temperature, γ1 = 6.98, γ2 = 2.06 and γ3 = 2.93.

Chapter 3
Spin Polarized Electrons in Gallium
Arsenide

3.1

Introduction

This chapter discusses the principle of optical pumping of electrons in semiconductors and
the spin orientation of electrons in GaAs. Light beams carrying spin angular momentum
can transfer information to the electron in the semiconductor, resulting in spin-polarized
electrons. The select electron transitions from the valence band to the conduction band upon
optical excitation plays an important role in the creation of semiconductor devices, where
the energy distribution of the states depends of the interatomic distance of the material.
Ever since the first report of spin polarized electrons in a semiconductor from circularly
polarized light in the 1960s, there has been considerable interest among high energy and
condensed matter physicists on using circularly polarized light to generate spin-polarized
electrons in semiconductors [3, 28]. Circularly polarized light beams carrying spin angular
momentum (SAM) with s = ±~ per photon have been used to orient the electron spins in
semiconductors, causing formation of spin-polarized electrons. Spintronic devices rely on
the control or manipulation of electron spins in semiconductors and have been proposed
12
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for computation, storage and information applications. In 1968, Lampel showed that spin
polarized electrons in the conduction band of the semiconductor Si can be produced by
optically pumping the split-off (so) valence band with circularly polarized light [3]. A year
later, Parsons reported on band-to-band optical pumping of electrons in p-type GaSb with
a degree of polarization of ∼42% [28].
Gallium arsenide (GaAs) has several advantages over Si and other semiconductors. Ekimov and Safarov investigated the optical orientation of free carriers in n- and p-type Gax Al1−x±
crystals (same band structure as GaAs) pumped by circularly polarized light from an HeNe laser with E = 1.959 eV (corresponding to the region of interband transitions near the
intrinsic absorption edge) [29]. Other early reports on photoemission of electrons in GaAs
are by Zakharchenya et al, who showed the effect of optical orientation of electron spins in
a GaAs crystal using a wide range of excitation wavelengths with energies from 1.5 to 2.2
eV, and by Pierce et al who detected spin-oriented photoelectrons from GaAs using a Mott
detector and circularly polarized light at energies from 1.5 eV to 3.6 eV [30, 31]. Seymour
and Alfano were the first to measure directly spin relaxation times in p-GaAs (Zn doped,
N A = 7×1017 /cm3 ) crystal using time-resolved spectroscopy [32]. This was followed by Junnarkar and Alfano’s work which showed that the dominant relaxation mechanism in GaAs
is due to the spin precession mechanism of D’Yakonov-Perel’ [33, 34].

3.2

Polarized Light with Spin Angular Momentum

There are different forms of polarized (P) light: linear (LP), circular (CP), eliptical (EP)
and vortex light. Linear polarization refers to the E vector oscillating in a given orientation.
When the E vector oscillates in the form of a helix around the axis of propagation, then the
light is referred to as circularly polarized (an intrinsic property of the light beam) [1]. In
1936, Beth used a rotating birefringent plate to show that circularly polarized light carries
SAM [2]. Figures (3.1a) and (3.1b) depict an oscillating wave carrying linear polarization
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and left-handed and right-handed circular light, respectively.

Figure 3.1: (a) Wave (b) left-handed and right-handed circular polarization

It can be shown that circularly polarized light carries spin angular momentum (an intrinsic property of the light beam). The electromagnetic fields are related to the energy
flow, which are derived from Maxwell’s equations for the source free space electromagnetic
radiation and are described in equations (3.1) - (3.4):

~ =0
∇·E

(3.1)

~ =0
∇·B

(3.2)

~
1 ∂E
2
c ∂t

(3.3)

~
~ = − ∂B
∇×E
∂t

(3.4)

~ =
∇×B

~ is the electric field, B
~ is the magnetic field and c is the speed of light.
where E
The wave equation for the electric field is given by (3.5),

~ =
∇2 E

~
1 ∂ 2E
c2 ∂t2

(3.5)
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.
c
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This gives the Helmholtz equation described in equation (3.6),


~ =0
∇2 + k 2 E

(3.6)

where k 2 = ω 2 /c2 and ω = 2π c/λ. Therefore, the time-dependent solution, in terms of a
wave travelling in the z direction and amplitude ~u (x, y, z), is described in equation (3.7)

~
E(x,
y, z) = ~u (x, y, z) exp(ikz)

(3.7)

The Poynting vector describes the energy flow of the electromagnetic fields and is shown in
equation (3.8):
~ = 0 E
~ ×B
~
S

(3.8)

~ is proportional to the linear momentum density p~ and angular momentum density ~j = ~r ×~p.
S
~ can be written in terms of circular polarization (equation (3.9)):
The wave vector A

~ = n̂u(x, y, z)exp(ikz)
A

(3.9)

where the complex direction of polarization n̂ = x̂ ± iŷ and u(x, y, z) = [− (x2 + y 2 )]. Thus,
equations (3.10) and (3.11) describe the associated field:
2i
~
E(x,
y, z) = iω[(x̂ + iŷ) − ( )ẑ]u,
k

(3.10)

2i
~
B(x,
y, z) = ik[(ŷ + ix̂) + ( )(−y + ix)ẑ]u
k

(3.11)

with momentum (equation (3.12)) and angular momentum density (equation (3.13)

~ ×B
~ = −20 ωkru2 ẑ
p~ = 0 E

(3.12)

~j = ~r × p~ = 20 ωkru2 ϕ̂

(3.13)
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where ~r × ẑ = ϕ̂. These equations show the correlation between circular polarization and
spin angular momentum, which is proportional to the energy and initial polarization.
If the polarization is generalized to assume polarization n̂ = αx̂ + β ŷ, the fields become
as described by equations (3.14) and (3.15)

 
∂u
∂u
i
α
+β
exp (ikz) ,
(αux̂ + βuŷ) −
k
∂x
∂y

(3.14)



 
∂u
∂u
∂u
+ iku − (β x̂ + αŷ) + β
−α
ẑ exp (ikz)
∂z
∂x
∂y

(3.15)

~
E(x,
y, z) = iω



and

~
B(x,
y, z) =



These equations lead to equation (3.16)

p~ =


iω0 
(u∇u∗ − u∗ ∇u) − 2ik0 |u|2 ẑ + (αβ ∗ − α∗ β) ∇ |u|2 × ẑ
2

(3.16)

When α = 1 and β = ±i, the general polarization term for the circular polarization beam
(with helicity σ = ±1) is (αβ ∗ − α∗ β) = ±2i. If α = 1 and β = 1, then there is no angular
momentum and the beam is linearly polarized. The z-component of the angular momentum
density (~jz ) is proportional to the handedness of the polarization and can be written in
cylindrical coordinates as in equation (3.17):
2
~ × B)]
~ z = r0 (E
~ × B)
~ ϕ = 0 ωrσ ∂|u|
~jz = [~r × (0 E
2
∂r

(3.17)

Equation (3.18) shows the ratio of total angular momentum () to energy per unit length as
[
Jz
=


RR

~ × B))]
~ z
r dr dϕ(~r × (E
σ
=
RR
~ × B)
~
ω
c r dr dϕ(E

(3.18)

where =N ~ω and N is the total number of photons. Thus, the angular momentum per
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photon is proportional to circular polarization by the expression shown in equation (3.19)
Jz
= σ~
N

(3.19)

Equation (3.19) tells us that circularly polarized light beams carry spin angular momentum
(SAM) with +~ or -~ representing right |Ri or left |Li circularly polarized light.
Jones matrices are (2 x 2) matrices which include monochromatic polarized light and
Stokes parameters. Linear polarized light in the horizontal |Hi or vertical |V i direction can
be represented in Jones notation by equations (3.20) and (3.21)

and

 
1
|Hi →  
0

(3.20)

 
0
|V i →  
1

(3.21)

Similarly, right |Ri and |Li circularly polarized light and |LP i linear polarized light is
described as in equations (3.22), (3.23) and (3.24)


and

and





1
|Ri →  
−i

(3.22)

 
0
|Li →  
i

(3.23)



 
 
1
1
cosθ 
−iθ/2  
iθ/2 
|LP i → 
=e
 +e
 
sinθ
i
−i

(3.24)

Right |Ri and left |Li circularly polarized light can also be described in terms of the nor-
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malized wavefunction (|ψi) of a photon (equation 3.25)

ψR

1
|ψi = √
2 ψ
L

!
=

Ex − iEy

!
(3.25)

Ex + iEy

The spin in the z-direction can be described in terms of the wavefunctions (equation (3.26))

Sz = hψ|sz |ψi

(3.26)

The Pauli spin matrices can be described as equations (3.27), (3.28), (3.29)

Sz =



~ 1 0 


2 0 −1

(3.27)



~ 0 1
Sx = 

2 1 0

Sy =

(3.28)



~ 0 −i


2 i 0

(3.29)

Thus, the expectation value of the spin can be written in terms of the wavefunctions and
the Pauli spin matrix as equation (3.30)
*





1 0 
Sz = ~ ψ| 
 |ψ
0 −1

+
(3.30)

Therefore, circularly polarized light beams carry spin angular momentum (SAM) (equation
3.31) with
s = ±~
per photon, where +~ or -~ or |Ri or left |Li circularly polarized light.

(3.31)
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Optical Spin Orientation and GaAs Selection Rules

Circularly polarized light carrying spin orbital angular momentum (SAM) can be utilized to
generate spin polarized electrons in semiconductors via the interband absorption of light. A
simplified picture of the bandgap structure of GaAs and selection rules near the fundamental
band edge is shown in figure 3.2.

Figure 3.2: Selection rules for GaAs and the energy band at k=0

Photons, carrying SAM in the form of right |Ri or left |Li (helicity σ + or σ − , respectively)
circularly polarized light, pump the electron population in GaAs from the valence band to
the conduction band in select transitions (Γ8h → Γ6 , Γ8l → Γ6 or Γ7 → Γ6 ) producing spinpolarized electrons in the conduction band. Figure 3.2 shows the selection rules using SAM
and the energy bands for a GaAs semiconductor in k-space with respect to Γ at k=0.
The Bloch states can be described in terms of |J, ji the total angular momentum J,
projection quantum number j, total spin S and projection quantum number s. For heavy
holes, J = 3/2 and j = ±3/2, while for light holes, J = 3/2 and j = ±1/2. The total spin S
= 1/2 with spin projection s = +1/2(↑) and s = -1/2(↓). At hν less than 1.76 eV, for σ=↑,
↓ hx, σ| hS, s| = uc (r) χc (σ), where r = | x | is the modulus of x and Ylm are the spherical
harmonics (angular part of the wave function), which are dependent on the direction of x,
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spinors χs (σ) = δσ,s and uν,c (r) (the radial part of the wave function), the heavy hole and
light hole transitions can be written as in equations (3.32)-(3.35)

hx, σ |J = 3/2, j = 3/2i = Ψ11 (x̂)χ ↑ (σ)uν (r),

(3.32)

1 √
hx, σ |J = 3/2, j = 1/2i = √ [ 2Ψ10 (x̂)χ ↑ (σ) + Ψ11 (x̂)χ ↓ (σ)]uν (r),
3

(3.33)

1 √
hx, σ |J = 3/2, j = −1/2i = √ [ 2Ψ10 (x̂)χ ↓ (σ) + Ψ11 (x̂)χ ↑ (σ)]uν (r),
3

(3.34)

hx, σ |J = 3/2, j = −3/2i = Ψ1−1 (x̂)χ ↓ (σ)uν (r),

(3.35)

Equations (3.36) and (3.37) describe the functions for the split-off hole,
1 √
hx, σ |J = 1/2, j = 1/2i = √ [ 2Ψ11 (x̂)χ ↓ (σ) − Ψ10 (x̂)χ ↑ (σ)]uν (r),
3

(3.36)

√
1
hx, σ |J = 1/2, j = −1/2i = √ [Ψ10 (x̂)χ ↓ (σ) − 2Ψ1−1 (x̂)χ ↑ (σ)]uν (r),
3

(3.37)

The wavefunctions of the conduction and valence band can be summarized as in Table 3.1

Table 3.1: Select band symmetry, angular momentum and corresponding spherical harmonics
Band Location and Symmetry
Γc6
Γν7

J, j
1
,
2
1
,
2
1
,
2

1
2
−1
2
1
2

1 −1
, 2
2
3
2
3 1
, i
2 2

| 32 ,
Γν8

3
,
2
3
,
2

−1
i
2
−1
i
2

Spherical Harmonic
Y00 ↑
Y00 ↓
q
2
(Y11 ↓ + 12 Y10 ↑)
q 3
q
2
1
(−Y
↑
−
Y ↓)
11
3
2 10
q

Y11 ↑
√
↓ − 2Y10 ↑)
q
√
− 13 (−Y ∗11 ↑ + 2Y10 ↓)
q

1
(Y11
3

−Y ∗11 ↓
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The heavy hole and light hole transitions for σ̂± ∝ Y1±1 can be calculated using equation
(3.38)
hS, s|σ̂± |J, ji

(3.38)

This gives the ratio of transition strengths as described in equation (3.39)
S = 12 , ↓ σ̂+ J = 23 , j = − 32
S = 12 , ↓ σ̂+ J = 23 , j = − 12

2

=3

(3.39)

The electronic spin polarization depends on the photon energy. When the photon energy
(Eg < ~ < Eg + ∆), the contributions are from the light hole and heavy hole sub-bands only
(no split-off holes are populated). The density of the electrons polarized parallel (n+ ) and
antiparallel to the direction of propagation is described by equation (3.40)

Ps =

(n+ − n− )
(n+ + n− )

(3.40)

The electronic spin polarization at the moment of photoexcitation is described using equations (3.39) and (3.40), giving equation (3.41)

Ps =

(1 − 3)
= −1/2
(3 + 1)

(3.41)

where the spin is oriented against the propagation direction of light. The sign is flipped
when the helicity of the incoming radiation is reversed. There are more transitions from the
heavy hole than from the light hole sub-bands. Likewise, the circularly polarization of the
light emission (circ) is described by equation (3.42)

Pcirc =

(n+ + 3n− ) − (3n+ + n− )
Ps
1
=
=−
(n+ + 3n− ) + (3n+ + n− )
2
4

(3.42)

The photoluminescence from GaAs-based materials using an intense light source involves
three main steps: absorption (from the valence band to the conduction band), relaxation
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and recombination (resulting in the emission of photons). The initial spin polarization will
decay to thermal equilibrium with a spin relaxation time (τ s ) which can be described by an
exponential decay. The selection rules tells us that the maximum degree of circular polarization of the photoemission from spin polarized electrons in bulk GaAs (for 100% electron spin
polarization and unpolarized holes) is P=50%, which can be calculated by P=(3-1)/(3+1)
= 0.5 or 50% and arises from the degeneracy in energy of the heavy and light hole bands
at the Γ-point, meaning the heavy hole transition is three times stronger than the light hole
transition. At the Γ-point in bulk semiconductors, the electron typically has the highest
probability of excitation and recombination. As the spin polarized electrons decay to the
valence band, the photoemission is partially circularly polarized, giving the degree of spin
alignment of the recombination polarized electrons. This decay is a result of numerous factors including spin-orbit interaction, spin-dependent splitting of conduction band, hyperfine
coupling and the electron-hole exchange. Thus, the optically pumped electrons will have a
maximum spin polarization of 50%. The heavy hole transition has an initial degree of polarization of P=.3 which is lower than the maximum (P=.5) due to a potential spin relaxation
during the relaxation in energy of the optically pumped electrons caused a spatial separas
] was described
tion between photoexcited electrons and holes. This reduction factor [ τr τ+τ
s

by Parsons (1969), where τr is the recombination time of the electrons from the conduction
band and τs is the spin alignment relaxation time of an electron in the conduction band.
The population difference between spin up electrons (n+ ) and spin down (n− ) after being
excited by a δ-shaped laser pulse is described by the rate equations (3.43) and (3.44)
dN+
N+
N+
N−
= −
−
+
,
dt
τr
τs
τs

(3.43)

dN−
N−
N+
N−
= −
−
+
,
dt
τr
τs
τs

(3.44)

The decay of the total electron population in the conduction band (Ntotal ) is calculated from
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the sum of the rate equations as described in equation (3.45)
d(N+ + N− )
N+ + N −
= −
dt
τ

(3.45)

and is shown by a single exponential decay solution, equation (3.46)

Ntotal (t) = [N + (0) + N− (0)]exp(−t/τr ),

(3.46)

where N+0 (N−0 ) is the initial spin-up (spin-down) electron populations. The temporal evolution of the degree of spin polarization is described by the single exponential decaying function
(as in equation 6.4) times the degree of polarization at t=0, as in equation (3.47)

P (0) = [N + (0) − N− (0)]/[N + (0) + N − (0)],

(3.47)

giving
P (t) = P (0)exp(

−t
).
τs

(3.48)

This equation shows that direct information on the electron spin-relaxation kinetics can be
obtained using the time-resolved photoluminescence spectra.
In 1980, Seymour and Alfano used time-resolved luminescence spectroscopy to directly
measure the recombination time, the initial spin alignment and the spin relaxation time using
a ruby laser and a streak camera [32, 35]. The ruby laser, with wavelength at 694.3 nm,
was chosen to correspond to an energy of the emitted photons which was greater the band
gap energy (Eg ) and less than the split-off (so) band energy (Eg + ∆). The recombination
and spin relaxation times were acquired for a p-type GaAs crystal (Zn doped, NA= 7 x
1017 /cm3 ). The mean values for τs /2 (initial component) were calculated as 44 ± 17 ps,
while the mean value for τr was 196 ± 12 ps. The initial spin alignment was 50 ± 10%.

Chapter 4
Principles of Light with Angular
Momentum

4.1

Maxwell’s Equations and the Paraxial Approximation

A general method to describe classically the phenomena of light is the theory of electromagnetic fields. In chapter 3, Maxwell’s equations, which describe electromagnetic radiation in
free space, and the Helmholtz equation were discussed. Spatial modes are solutions to the
wave equation. As light propagates through time, the spatial pattern of a spatial mode will
not change. The general form of the time independent electric field can be written in terms
of the wavefront ~u (x, y, z) as in equation (4.1)

~
E(x,
y, z) = ~u(x, y, z)exp(−ikz)

24

(4.1)
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This equation can be plugged into the Helmholtz equation to give to give equation (4.2)


∂ 2u ∂ 2u
+
∂x2 ∂y 2


+

∂ 2u
∂u
=0
−
2ik
+
∂z 2
∂z

(4.2)

This leads to the paraxial wave approximation, which can be written as in equation (4.3)
∂ 2u
∂u
∂ 2u
∂ 2u
∂ 2u
∂ 2u

,

,

∂z 2
∂z
∂z 2
∂x2
∂z 2
∂y 2

(4.3)

From equation (4.3) gives the paraxial wave equation as in equation (4.4)

∆2τ ~u − 2ik

∂~u
=0
∂z

(4.4)

In cylindrical coordinates, the solution to this equation give a Laguerre-Gaussian solution
(equation 4.5), while rectangular coordinates give Hermite-Gaussian solutions (an Airy equations) and elliptical coordinates give Ince-Gaussian solutions. This section shows a mathematical explanation of the paraxial approximation, which describes light’s variations in the
angle with respect to the beam’s propagation direction.
∂ 2 u(r, φ, z)
∂u(r, φ, z) ∂ 2 u(r, φ, z) ∂ 2 u(r, φ, z)
,
,

∂z 2
∂x
∂y
∂z

(4.5)

Equation (4.5) gives the Helmholtz wave equation in cylindrical coordinates:





1 ∂
∂
1 ∂2
∂
r
+ 2 2 − 2ik
u(r, θ, φ) = 0
r ∂r ∂r
r ∂φ
∂z

(4.6)
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A description of Optical Vortices

Laguerre-Gaussian (LG) modes are popular spatial modes because their states of polarization
are spatially homogeneous. LG modes can be described by the following equation (4.7)
K`p
LG`p (r, θ, z) = E0
ω (z)

√ !|`|
 2 
2
r2
r
r 2
2r
|`|
i`θ −( ω(z) )
Lp
eik 2R(z) ei(2p+|`|+1)ξ(z)
e e
ω(z)
ω(z)

(4.7)

where E0 is the electric filed amplitude, K`p is a constant, ω (z) is the radius Rayleigh length
and ξ(z) is Gouy phase beam waist. [36] Figure 4.1 shows intensity and phase profiles of
the first mode of the LG beams in terms of azimuthal (`) and radial index (p). Unlike LG
modes, the states of polarization of a vector beam are spatially inhomogeneous.

Figure 4.1: LG modes in terms of azimuthal (`) and radial index (p) [36]

Assume a LG with p=0 (LG`0 ) with u(r, ϕ, z) = exp(−r2 )exp(i`ϕ) (see Chapter 3 on
SAM), the total angular momentum for a LG mode can be described. The linear momentum
density in terms of the φ and z components of a LG vector potential can be written as in
equations (4.8) and (4.9)
pϕ =

ω0 ` 2
|u| + 2iωε0 σ |u|2
r
pz = ck 2 0 |u|2

(4.8)
(4.9)
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These equations can be plugged into the angular momentum density ~j = ~r × p~, giving
equation (4.10)
jz = ε0 ω`|u|2 + 2iε0 ωσ r|u|2

(4.10)

The total angular momentum (Jz ) is found by adding the SAM and OAM and is described
by equation (4.11)
Jz = (σ + `)~

(4.11)

Unlike SAM, which is limited to ±~, OAM has the orbital term ` which can be any integer
value [37].

Figure 4.2: Light carrying OAM with different ` values [37]

4.3

OAM Selection Rules in GaAs

Orbital angular momentum (OAM) is described quantum mechanically in discrete intervals
of `~ and by the helical (twisted) phase factor eilϕ (where ` is the topological charge and
ϕ is the azimuthal direction) and possesses zero momentum at the center of the vortex.
Recently, novel optical pumping techniques using multiphoton absorption and LaguerreGaussian modes with different amounts of orbital angular momentum (OAM), have been
used to excite the electrons in GaAs. These studies resulted in electron polarizations of
∼ 42% and 3%, respectively [38, 39].
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Figure 4.3: Illustration of the selection rules for light carrying OAM ` = +1 and +2 adapted
from Clayburn et al [39]

Figure 4.3 (adapted from Clayburn et al [39]) shows selection rules for light carrying
OAM with `= +1 and +2 in GaAs. For ` = +1, there are several transition paths for
the electron, while for ` = +2 the transitions are primarily from the negative sign in the
p-symmetry valence bands to the positive sign spin conduction bands.

Chapter 5
Generating Light with Orbital
Angular Momentum

5.1

Generating OAM Beams

Optical vortices such as Laguerre-Gaussian (LG) beams are light beams that carries a helical
wave-front and orbital angular momentum (OAM). Like right and left circularly polarized
light, OAM causes the wave-front of the beam to twist in a spiral-like shape. LG beams can
be generated in several ways (spatial light modulator (SLM), q-plate or vortex retarder).
The popular approaches include optical components such as spiral phase plates [40], mode
converters [41], q-plates [42], special fibers [43] and spatial light modulators (SLMs) [44].
This chapter will focus on the use of q-plate of different topological charge to generate light
carrying OAM.

29
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Liquid q-plates of Different Topological Charge

Introduced by Marrucci et al in 2006, q-plates are patterned birefringent liquid crystal plates
with semi-integer or integer topological charge q, consisting of liquid crystal molecules in
between two thin glass plates [45 - 48]. They are half-wave retarders where the principal
axis rotates with the azimuth angle φ, resulting in ` = 2q. The polarization transformation
from the q-plates in the xy plane is given by the Jones matrix in equation (5.1):


cos 2qφ sin 2qφ 
Mq = 

sin 2qφ − cos 2qφ

(5.1)

where the azimuthal angle φ = arctan xy . When |Ri or |Li from a QWP falls upon a q-plate,
the output beam will be in an entangled optical state with joint polarization and OAM.
Figure 5.1 shows the conversion of different input polarization states by a q-plate. Polarized
beams with radial, slanted, azimuthal, and the opposite slanted polarization can be obtained
by rotating the q-plate with q =1/2 and linear polarization oriented at 0, -45, +90, and +45
degrees. When left circular polarization (LCP) passes through the q-plate, the output will
be right circular polarization (RCP) (accompanied by a helical phase of charge 2q and a sign
that depends on the helicity) and vice versa. q-plates with topological charges q =− 21 , + 12
or +1 were used.
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Figure 5.1: Various input polarization states (vertical, horizontal, 45 degrees and circular)
transformed by a q-plate to give output states: radial, azimuthal, higher-order vector mode
and left or right OAM

A single photon occupying the corresponding optical mode can be described in ket notation as in equation (5.2)

|polarization state, OAM quantum number(`)i

where a polarization state can be either H or V, or either L or R.

(5.2)
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An input beam carrying horizontal |Hi or vertical |V i linearly polarization can be described in ket notation as in equations (5.5) and (5.6):
L+R
|H, 0i = | √ , 0i
2

(5.3)

L−R
|V, 0i = | √ , 0i
i 2

(5.4)

When horizontal |Hi or vertical |V i linearly polarized light travels through a q-plate (represented by arrows in the following equations), the resultant output light yields a single-particle
entangled state of polarization and OAM degrees of freedom of the photon and is represented
in equations (5.5) and (5.6) for q=+1:

|H, 0i →

(|R, +2i + |L, −2i)
√
2

(5.5)

|V, 0i →

(|R, +2i − |L, −2i)
√
i 2

(5.6)

The corresponding electric field for input light carrying linear polarization with θ as the
angle between the input polarization and the x-axis can be described by equation (5.7)
"
~ in = E0
E

cosθ

#

" #
" #!
e−iθ 1
eiθ 1
+
2 i
2 −i

= E0

sinθ

(5.7)

The output light after traveling through a q-plate will become (equation 5.8)
"
~ out = E0
E

cos2φ

sin2φ

#

sin2φ −cos2φ

" #
" #!
e−iθ 1
eiθ 1
+
2 i
2 −i

(5.8)

Similarly, when the input photon carrying left |Li and |Ri circular polarization travels
through q=+1 the resultant beam is anti-aligned to the input beam with OAM ` = ±2
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and is shown in equations (5.9) and (5.10)

|L, 0i → |R, +2i

(5.9)

|R, 0i → |L, −2i

(5.10)

The corresponding images for equations (5.8) and (5.9) are shown in Figure 5.2, where, as
seen from left to right, an example of a q-plate with the beam path, an input beam carrying
right handed circularly polarized light into a q-plate giving ` = −2, and left handed circularly
polarized light through a q-plate giving ` = +2.

Figure 5.2: (a) q-plate with beam path highlighted, (b) light path with an input beam
carrying right handed circularly polarized light into a q-plate giving ` = −2, and (c) left
handed circularly polarized light through a q-plate giving ` = +2 [46]

Chapter 6
Twisted Polarized Electrons using a
Cs-GaAs Device

6.1

Introduction

In this chapter, the transfer of spin angular momentum (SAM) and orbital angular momentum (OAM) to a GaAs photocathode photonic device was investigated [49, 50]. Photogenerated polarized electrons were created by interband optical pumping using ultrafast laser
light beams from a Ti:Sapphire laser at specific wavelengths from 690 to 810 nm. Light carrying SAM and OAM were generated using linear or circularly polarized light and q-plates
of different topological charge. The degree of polarization P of the photogenerated electrons
was measured in terms of SAM and OAM light beams with photon energy ranging from 1.53
to 1.79 eV.
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6.2

The Cs-GaAs Photocathode Photonic Device

The p-GaAs photocathode photonic device utilizes is a photomultiplier tube (PMT) made
of p-type gallium arsenide (GaAs) semiconductor material and has dual functions, acting as
the sample and detector. The PMT was manufactured by Hamamatsu Incorporate model
R636-10 with spectral response from 185 to 930 nm and maximum wavelength response from
300 to 800 nm. PMTs are sensitive devices which are typically used to detect weak signals.
GaAs PMTs usually have high sensitivity in a broadband spectral range, making the GaAsPMT an ideal detector to use in conjunction with a broadband tunable laser light source
like the Ti:Sapphire laser. PMTs rely on the photoelectric effect and typically contains a
photocathode, dynodes and an anode in a vacuumed sealed tube [51, 52]. Incident photons
excite the electrons, giving photoelectrons, which are then focused with an electrode onto
the dynode (electron multiplier), multiplying the number of photoelectrons. This happens
several times before reaching the anode; the resultant current is detected. The electron’s
energy must exceed the material work function (overcome the vacuum level barrier) in order
for the electron to escape to the vacuum. This phenomenon is described by the quantum
efficiency (ηQE ) or the ratio of photoelectrons to incident photons as in equation (6.1):

ηQE = (1 − R)

1
Pe (λ)
k 1+

1
kl

 Ps

(6.1)

where Pe is the probability that a photon will optically pump an electron, Ps is the probability
that an electron will escape into the vacuum, R is the reflection coefficient of the photon, k is
the absorption coefficient, l is the mean escape length of the electron and λ is the wavelength
of light.
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Figure 6.1: Illustration of a typical photomultiplier tube

A high quantum efficiency depends on the type of photocathode material. For wavelengths beyond the visible range, in the NIR range, several GaAs type PMTs are available
including GaAs(Cs), InGaAs(Cs) and InP/GaAs. The quantum efficiency (dash lines) and
cathode radiant sensitivity (responsivity of the cathode to light) for the reflection mode
p-type GaAs-PMT is shown in Figure 6.2 (where R758-10 (also shown) is similar the GaAsPMT except for the spectral range (160-930 nm) due to different window material).
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Figure 6.2: Quantum efficiency and cathode radiant sensitivity of the GaAs-PMT (model
number R636-10) [51, 52]

6.3

Optical Setup using the Cs-GaAs Photocathode

Linear polarized light from a Coherent Ti:Sapphire laser at 100 mW of power was used to
create light with entangled SAM and OAM. The wavelength of the light was selected in
increments of 5 nm from 690 to 810 nm, corresponding to split-off, heavy and light hole
band to conduction bands. Figure 6.3(a) shows the optical setup with linear polarized
light and a QWP, resulting in either left or right circularly polarized light. In addition, as
seen in the Figure 6.3(b), twisted photons were created using q-plates of select topological
charge q= ±

1
2

or q=+1 with and without a QWP. Figure 6.4 shows an illustration of the

beam in three different cases. The resultant beam from these three cases (CP or twisted
light) was then directed into a GaAs type photomultiplier tube. The photomultiplier tube
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(Hamamatsu model number R636-10) is made of photocathode material p-type GaAs with
a spectral response from 185 to 930 nm. The GaAs surface was treated with cesium (Cs)
in order to obtain a negative electron affinity. A lock-in amplifier with a reference chopper
at a frequency of 0.9 kHz was used. The intensities in volts I(volts) versus time in seconds
t(seconds) was recorded and displayed using a computer program. Liquid crystal q-plates
with a signal generator and topological charge q =

−1 1
, 2 ,+1
2

were used to generate twisted

photons. The plates were acquired from Dr. Marrucci’s group out of the Universita’ di
Napoli Federico II [45].

Figure 6.3: The optical setup includes a Ti:Sapphire laser, a GaAs photonic device and a
lock-in amplifier. The optical setup was adjusted for 3 cases. (a) includes a QWP to produce
CP light, (b) used a q-plate and (c) used a q-plate and QWP
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Figure 6.4: Illustrations of the laser beam paths through a quarter waveplate (QWP) and/or
a q-plate directed into the Cs-GaAs photocathode

6.4

Optical Signal from Twisted Photons

The optical state of the beam before and after passing through a q-plate can be described
using ket notation: |polarization, OAM (`)i. q-plates with topological charge q =

−1 1
, , +1
2 2

were used with linear and circularly polarized light from a laser light source [46, 47]. When
light carrying horizontal |Hi linear polarization (|LP i) (a superposition of |Li and |Ri passes
through a q-plate with topological charge q, the resultant light beam is described by equation
(6.2):
|H, 0i →

|R, +2qi + |L, −2qi
√
2

(6.2)

where |Li and |Ri represent left and right circularly polarized (CP) light, respectively and
|0i is a superposition of +1 and -1 OAM. For q=+1/2, the |Hi light beam becomes as shown
in equation (6.3):
|H, 0i →

|R, +1i + |L, −1i
√
2

(6.3)
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Similarly, for q=+1, the output light beam is

|R,+2i+|L,−2i
√
.
2

However, when light carrying |Ri

or |Li circular polarization emerges from a q-plate, for example from q=+1/2, the resultant
beam is described by equations (6.4) and (6.5)

|R, 0i → |L, −1i

(6.4)

|L, 0i → |R, +1i

(6.5)

The optical signals from these input beams were calculated using a p-GaAs semiconductor
material photonic device. Right and left circularly polarized light carrying SAM were created
from linear polarized laser light and a rotating quarter waveplate (QWP), while twisted
photons carrying OAM were obtained using q-plates of different topological charge q=± 21
and +1. The GaAs photonic device recorded input beams from either left or right circular
,
polarization (|Li or |Ri), linear polarization through a select q-plate at q= −1
2

1
,
2

or +1

(giving `=-1, +1 or +2) or |Li or |Ri through q=+1. Figure 6.5 shows the intensity of the
recorded photogenerated electron signals based on optical pumping with SAM and OAM
incident light (labeled in terms of the input beams) versus wavelength (nm). The Ti:Sapphire
laser was tuned to a wavelength range from 690 to 810 nm in increments of 5 nm. The graphs
show similar decay like shapes with highest intensities at a wavelength of 710 nm and minima
at 810 nm.
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Figure 6.5: Intensity (I) versus wavelength (nm) for SAM and OAM light beams detected
by GaAs photonic device

The degree of polarization (P) was calculated for each of the three different optical
pumping cases using the intensity (I) peaks from the spectra illustrated in Figure 6.5.

Figure 6.6: Degree of polarization (P) in the wavelength range from 690 to 810 nm
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PSAM =

I| Ri − I| Li
I| Ri + I| Li


(6.6)

where |Ri and |Li represent the right and light circularly polarized beam created from
linear polarized light and a rotating quarter waveplate. Similarly, the degree of polarization
from the OAM beams (POAM ) was calculated using linear polarized light and q-plates with
topological charges q =

+1
,
2

` =+1 and q= −1
, ` = −1 and equation (6.7)
2

POAM =

I|q=+1/2i − I|q=−1/2i
I|q=+1/2i + I|q=−1/2i

!
(6.7)

Lastly, the degree of polarization from SAM and OAM beams (PSAM −OAM ), light created
using |Ri and |Li circularly polarized light and a q-plate with topological charge q=+1, was
calculated using equation (6.8)

PSAM −OAM =

I|R,q=+1i − I|L,q=+1i
I|R,q=+1i + I|L,q=+1i

!
(6.8)

At a wavelength of 695 nm (E = 1.78 eV) above the bandgap, POAM =∼ 2.1%, PSAM =∼ 1.3%
and PSAM −OAM =∼ 3.4%. These results are compared with the energy at E = 1.55 eV, near
bandgap, POAM =∼ −14.7%, PSAM =∼ −2.6% and PSAM −OAM =∼ 4.0% (Figure 6.7).
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Figure 6.7: Degree of polarization (P) from light at wavelengths of 695 and 800 nm

When the photon energy (ν) is greater than (Eg + ∆), POAM decreases with increasing
energy. Light above (hν) ∼ 1.75 eV will excite the electrons from the split-off valence band
and the upper bands simultaneously. This causes an equal number of up and down spins,
and thus P to approach zero. As hν > (Eg + ∆), the negative sign of P may be due to the
electrons with transitions from the so band with a negative orientation. At a wavelength at
780 nm (hν ∼ 1.62 eV), PSAM increases to ∼ 5% before dropping to ∼ −5%. This peak is
most likely due to fluctuations of the laser excitation. At wavelengths longer than 760 nm,
P decreases due the surface electron affinity of the GaAs photonic device over time (decrease
in quantum efficiency). In comparison, PSAMOAM remains consistent at ∼ 2.5%, which is
close to null. This may be due to equal strengths from the band transitions with opposite
signs, giving a net result of zero. At a wavelength of 790 nm, POAM = −15.9021% for OAM
` = +1. Our results suggest that light carrying OAM can be transferred to the electrons
in the semiconductor material. At a wave vector k 6= 0 in the X and L valleys, the energy
bands, and the optical selection rules are different.
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6.5

Conclusion

The degree of polarization was calculated from the intensity peaks detected using a GaAs
photonic device and light carrying SAM and OAM beams. At a wavelength of 695 nm,
above the bandgap, the degree of polarization was POAM =∼ 2.1% , PSAM =∼ 1.3% and
PSAM −OAM =∼ 3.4%. At a wavelength of 800 nm, near bandgap, POAM =∼ −14.7% ,
PSAM =∼ −2.6% and PSAM −OAM =∼ 4.0%. The highest P for SAM and/or OAM light
beams was POAM = 16.61% at a wavelength of 765nm, PSAM = 5.76% at a wavelength of
785nm and POAM −SAM = 4.15 at 790 nm. These results suggest that light carrying OAM,
generated using q-plate of different topological charge, may be utilized to efficiently transfer
momentum to the spin polarized electrons in GaAs, and may ultimately be used in the field
of spintronics.

Chapter 7
Time-Resolved SAM from p-GaAs
and Cs-GaAs

7.1

Introduction

Time-resolved (TR) photoluminescence (PL) spectroscopy was utilized to investigate the
spectral and temporal evolution of the PL and the spin relaxation and recombination kinetics from a Cs-GaAs photocathode device and from a bulk p-GaAs sample. The lifetimes
were studied in terms of spin-orbit coupling and near bandgap energies using light from a
Ti:Sapphire laser and a streak camera. The decay curves were fitted and assessed in terms
of right or left SAM optical pumping with excitation wavelengths of 695, 720, 750 and 780
nm. For right or left circularly polarized SAM light, PL lifetimes varied from 120 to 260 ps
depending on the excitation wavelength and the GaAs material. The spin relaxation lifetime
and the initial spin alignment are calculated using TR PL SAM measurements.
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The Cs-GaAs Spin-Polarized Source

In 1976, Pierce et al used a Xenon lamp, monochromator, circularly polarized light with
energy from 1.5 eV to 3.6 eV and Mott scattering to study photoemission of spin-polarized
electrons in GaAs layered with Cs and oxygen [31]. They confirmed that spin polarization
cannot be increased above 50% for Γ transitions in negative electron affinity (NEA) GaAs.
For ~ω ∼ 1.5eV, the experimental spin polarization reached a maximum value of ∼ 40%.
For ~ω > Eg + ∆, the initial polarization decreases and quickly became zero. The steady
decline in polarization was dependent on the split-off band which varied as (~ω − Eg − ∆)1/2 .
However, they note that changes in the wavefunction away from k = 0 would need to be
included in the calculation of spin polarization as a function of ~ω. Thus, the initial spin
polarization remains ∼ 50% as long as the wavefunctions at k 6= 0 are not significantly
changed from the wave functions at k=0.
NEA can be reached when the surface is exposed to cesium or oxidants, causing the
surface to have strong electric dipole moments. Figure 7.1 shows energy bands from (a)
p-GaAs and (b) p-GaAs with cesium. Under an NEA condition, GaAs photocathodes can
possess high intensity currents. The photoluminescence from GaAs involves absorption of
light, diffusion of electrons to the surface of the photocathode and photoemission of electrons
into the vacuum chamber. The electron spin polarization and the photoelectron yield vary
based on many factors including incident light, NEA conditions and dopant density.
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Figure 7.1: Energy diagrams for (a) p-type GaAs photocathode and (b) with an added
cesium (cs) layer (Cs-GaAs) (lowering the work function), where EF is the Fermi energy
level, EV and EC are the valence and conduction bands energies and vac is the vacuum

7.3

Time-resolved Photoluminescence

In GaAs (an III-V semiconductor), the valence bands (group V with px , py , pz ) are closely
spaced and the electron spin relaxation time is slower due to the reduced spin-orbit mixing
of group III (s-orbital). The spin relaxation of the electron can be described by three main
processes: D’yakonov-Perel’ (DP), Elliot-Yafet (EY) and Bir-Aronov-Pikus (BAP). DP is
related to the spin-orbit induced spin splitting of a band (interaction between the splitoff Hamiltonian and another perturbation), while EY involves the spin-orbit band mixing
(coupling of two spin Bloch states by spin-orbit Hamiltonian). Finally, BAP describes the
recombination of an electron-hole pair. The spin relaxation rate can be summarized using
equation (7.1)
1
1
1
1
1
= DP + BAP + EY + RAD
τs
τs
τs
τs
τs

(7.1)
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where RAD is the radiation trapping. The DP term can be calculated using the momentum
relaxation time (τp ) in equation (7.2)
1
τsDP

=

Qτp α02



kB T
~2 Eg

3
(7.2)

where α0 describes the strength of the spin-orbit interaction, Q is a dimensionless factor, In
the case of GaAs, EY and RAD can be ignored and equation (10) becomes dependent of DP
and BAP only. Typical values for the electron lifetime are between 10−9 and 10−10 seconds.
The PL decay rate (kP L ) is dependent on the radiative (R) and the non-radiative (NR)
rates. The PL decay rate (kP L ) can be described as the summation of R and NR events as
in equation (7.3)
kP L = kR + kN R

(7.3)

where the PL lifetime (τP L ) is the reciprocal of kP L . kP L can be written as kF , where F is
the fluorescence. Nonradiative processes result in the annihilation of an electron and hole
with no photoluminescence and can be generated from effects such as surface recombination
(surface defects or impurities) or Auger processes, decreasing the PL intensity and shortening
the lifetime. The general rate equation can be expressed in terms of internal conversion (IC),
intersystem (IS), quenching (q) and photo-ejection of carriers (e) is described in equation
(7.4):
kN R = kej + kIC + kIS + kq

(7.4)

The NR rate is expressed in terms of the photo-ejection of carriers (e) which can be a function
of voltage V or kej (V).
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Time-resolved SAM Optical Setup with Streak Camera

A 100 femtosecond ultrafast Ti:Sapphire laser at select excitation wavelengths from 695 (spin
off of the conductor band) to 780 nm (heavy holes to the conductor band) was used to excite
the Cs-GaAs photocathode and a p-GaAs bulk sample. Figure 7.2 shows the time-resolved
photoluminescence optical setup with a Ti:Sapphire laser, quarter waveplate (QWP), producing right (a) and left (b) circularly polarized light carrying SAM and a Hamamatsu
streak camera highlighted. The Cs-GaAs NEA photocathode can operate with or without
an applied voltage (V) (as shown in figure 7.2). The bulk p-GaAs (Zinc doped) sample had
a photogenerated carrier concentration of 5 x 1018 /cm3 . Both the Cs- GaAs photocathode
and the bulk GaAs sample were p-doped (which lowers the Fermi level throughout and the
conduction band at the surface of the photocathode), a condition for high photoemission.
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Figure 7.2: Experimental setup for TR-SAM measurements using a Ti:Sapphire laser at
select excitations and a streak camera

7.5

Generating Spin Angular Momentum

Light carrying linear and circular polarization was generated using quarter waveplates (QWPs).
The linearly polarized output laser light traveled through a quarter wave plate (QWP 1)
(optical axis is rotated to produce either left or right circularly polarized light) before being
focused by a lens onto the sample. The backscattering photoluminescence from the sample is
collected through that same lens before being filtered (F2: to filter out the excitation light)
and focused onto a streak camera (Hamamatsu digital camera). This scenario provides simultaneous detection of right or left circularly polarized SAM photoemission kinetics. The
state of linear polarized light can be described by right and left circular polarization as in
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equations (7.5) – (7.9)
|LP i = |Li + |Ri

(7.5)

1
|Li = √ (|Hi + i |V i)
2

(7.6)

1
|Ri = √ (|Hi − i |V i)
2

(7.7)

1
|Hi = √ (|Li + |Ri)
2

(7.8)

i
|V i = √ (|Ri − |Li)
2

(7.9)

Whereas circular polarization can be represented by an azimuthal phase at π/4 along the
x-axis and δ, as in equation (7.10):

|CP i = cosφ |xi ± sinφeiδ |yi

7.6

(7.10)

Streak Camera Operation

Luminescent events in the ultrafast time domain can be recorded using a streak camera.
In this section, the basic principles of the streak camera are described; and the operating
components are shown in Figure 7.3 (a, b). Simply, the streak camera contains an image
converter tube and a CCD camera to record the emission from the phosphor screen. The
streak camera, with a lower time limit resolution of 20 ps, is synchronized by an external
trigger diode located before the incident laser light reaches the photocathode, giving a trigger
delay. Incident laser light pulse with time profile I(t) is focused through a slit and onto a
photocathode where electrons, carrying same temporal information as the incident laser pulse
NPE(t) ∝ I(t), are emitted. The electrons travel in the z-direction before being accelerated
by an accelerating mesh. These electrons, located inside the streak tube, are then quickly
deflected by a strong vertical (y-direction) time-varying electric field V(t), which is formed
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by two sweep electrodes (horizontal plates). The degree of deflection is related to the time at
which the electrons are emitted, and thus the electrons will arrive at the micro-channel plate
(MCP) at different times. The MCP causes a minimum spread in times of the electrons
in the transverse direction. The resultant electron stream is multiplied and swept before
striking the phosphor screen and being converted back to photons. The phosphor screen
relays the emission intensity versus time correlation as an optical streak image. The streak
image shows (with the vertical direction being time) the first optical pulse to arrive on top,
followed by the next arriving pulse underneath it and so on. The brightness is correlated
with intensity of the photons with respect to in incident laser light beam.

Figure 7.3: Schematics of (a) the streak camera and (b) incident light I(t) (as a function of
space, time and intensity) entering the streak camera and the resultant I(t) on the phosphor
screen
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As a calibration method, time-resolved measurements were acquired using the streak
camera and the Ti:Sapphire laser at an excitation wavelength of 780 nm from indocyanine
green (ICG). ICG, a FDA approved tricarbocyanine dye, is extensively used in medical
applications, such as assessment of blood volume in the brain or in muscles, early recognition
of liver dysfunction, evaluation of cardiac output, and imaging of eye diseases [53]. The
absorption and fluorescence spectra of ICG are located in near-infrared NIR optical windows
and has been reported to span into the short wavelength infrared (SWIR) range. This allows
for deeper penetration depth into tissue and high contrast imaging. Absorption of ICG and
water was measured using the standard Cary 500 scan UV/VIS/NIR. Figure 7.4 shows the
peak absorption maximum at ∼ 780 nm. Figure 7.5 shows the results of the corresponding
decay curve and single exponential decay fit, giving a lifetime of ± 200 ps. Figure 7.5 (a)
shows the absorption spectrum of ICG and water solution. Figure 7.5 (b) gives the lifetime
decay curve with corresponding decay fit from the ICG solution using the streak camera.

Figure 7.4: Spectra of (a) absorbance of ICG and water soltuion and (b) corresponding TR
measurement with decay fit
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Figure 7.5: Typical pictures of (a) the spectrum of the rise and decay from a sample over
time and (b) corresponding streak pattern

7.7

Direct Time-resolved Photoluminescence of p-GaAs
using SAM

Time resolved (TR) experiments can separate the recombination time from the initial spin
alignment and relaxation time. TR-SAM measurements were done using light carrying right
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exc
exc
and left circular polarization. σ+
and σ−
correspond to left (+) and right (-) circularly

polarized light (created by orientating the fast axis of QWP 1). This can be written in ketnotation as left (|Li) or right (|Ri) circular polarization. Typical decay curves are shown in
Figures 7.6 - 7.9 from Cs-GaAs using select excitations of 695, 720, 750 and 780 nm for left
and right circularly polarized (σ) excitations (exc) and emissions. Similar decay curves (not
shown) were obtained from the bulk p-GaAs. The shape of the decay curves was calculated
using Origin Software. The decay curves were fitted for all lifetimes.
The fluorescence intensity of the sample at time t will exponentially decay to the ground
state and can be described by equation (7.16):

I (t) = I0 exp(−t/τF )

(7.11)

where I0 is the intensity of light at t=0 and τF is the fluorescence lifetime, where τF is equivalent to the photoluminescence lifetime (PL) or τP L . Figures 7.6 - 7.9 show the luminescent
decay kinetics from Cs-GaAs with corresponding decay fit (shown in dash red lines). Figure
7.10 shows the lifetime measurements from bulk GaAs plotted in terms of right and left
circular (SAM) excitation optical pumping. The fluorescence lifetimes are given in Tables
7.1 and 7.2.

CHAPTER 7. TIME-RESOLVED SAM FROM P-GAAS AND CS-GAAS

56

Figure 7.6: Luminescent decay kinetics from Cs-GaAs using a streak camera and light carrying SAM at an excitation of 695 nm
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Figure 7.7: Luminescent decay kinetics from Cs-GaAs using a streak camera and light carrying SAM at an excitation of 720 nm
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Figure 7.8: Luminescent decay kinetics from Cs-GaAs using a streak camera and light carrying SAM at an excitation of 750 nm
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Figure 7.9: Luminescent decay kinetics from Cs-GaAs using a streak camera and light carrying SAM at an excitation of 780 nm
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Figure 7.10: Lifetime measurements from bulk GaAs plotted in terms of right and left circular
(SAM) excitation optical pumping
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Table 7.1: Summary of fluorescence lifetimes τF from bulk GaAs, Cs-GaAs from light carrying right (σ + ) or left (σ − ) circular polarization at excitation wavelengths of 695, 720, 750
and 780 nm
τF in picoseconds
σ exc

695 nm

720 nm

750 nm

780 nm

Bulk-GaAs
σ+

126 ± 2

175 ± 3

186 ± 2

206 ± 3

σ−

125 ± 2

160 ± 3

177 ± 2

200 ± 2

Cs-GaAs
σ+

173 ± 5

171 ± 4

178 ± 2

179 ± 3

σ−

153 ± 5

180 ± 5

180 ± 4

182 ± 2

Similar luminescent decay curves were observed for the Cs-GaAs sample and for the bulk
GaAs sample. It is noted that the shape of the decay curves varied depending the excitation.
Using an excitation of 695 nm (1.78 eV), the average lifetime was 126 ± 2 ps for the bulk
GaAs sample (163 ± 5 ps for the Cs-GaAs photocathode. Exponential decay using right and
left 720 nm excitations was calculated to be 175 ± 3 and 160 ± 3 for bulk p-GaAs and 171
± 4 and 280 ±3 for Cs-GaAs, while using 750 excitation resulted in 186 ± 3 and 177 ± 2 for
bulk GaAs and 177 ± 2 and 180 ± 2 for Cs-GaAs. Similarly, exponential decay using a 780
nm (1.59 eV) excitation was calculated to be 206 ± 3 ps and 200 ± 2 of bulk GaAs and 179
± 3 ps and 182 ± 2 ps for the Cs-GaAs photocathode. The lifetimes from bulk GaAs are
summarized in Tables 7.1 and 7.2 for optical pumping wavelengths of 695, 720, 750 and 780
nm. Figure 7.11 shows the lifetimes from the Cs-GaAs photocathode sample as a function
of applied voltage. The lifetimes from the Cs-GaAs with V decrease by approximately 20 ps
at an excitation of 695 nm.
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Table 7.2: Summary of TR-PL exponential decay lifetimes τF from Cs-GaAs with V (from
100 to 1000 V) from light carrying right (σ + ) or left (σ − ) circular polarization at excitation
wavelengths of 695, 720, 750 and 780 nm

σ

exc

695 nm

σ+
σ−

150 ± 7
153 ± 5

σ+
σ−

150 ± 7
149 ± 3

σ+
σ−

145 ± 1
140 ± 1

σ+
σ−

145 ± 1
139 ± 2

σ+
σ−

140 ± 2
142 ± 3

σ+
σ−

139 ± 2
145 ± 2

σ+
σ−

138 ± 2
135 ± 2

σ+
σ−

137 ± 2
132 ± 1

σ+
σ−

139 ± 1
139 ± 2

σ+
σ−

132 ± 2
131 ± 1

τF in picoseconds
720 nm
Cs-GaAs @ 100 V
171 ± 2
190 ± 5
Cs-GaAs @ 200 V
185 ± 2
180 ± 2
Cs-GaAs @ 300 V
160 ± 2
160 ± 2
Cs-GaAs @ 400 V
167 ± 2
165 ± 2
Cs-GaAs @ 500 V
160 ± 3
160 ± 2
Cs-GaAs @ 600 V
159 ± 3
160 ± 2
Cs-GaAs @ 700 V
156 ± 2
154 ± 3
Cs-GaAs @ 800 V
155 ± 1
150 ± 3
Cs-GaAs @ 900 V
155 ± 2
154 ± 3
Cs-GaAs @ 1000 V
150 ± 2
150 ± 4

750 nm

780 nm

178 ± 2
196 ± 4

180 ± 3
182 ± 3

180 ± 3
181 ± 4

181 ± 2
180 ± 1

171 ± 2
174 ± 2

185 ± 2
180 ± 2

170 ± 3
171 ± 3

182 ± 2
185 ± 2

168 ± 2
171 ± 1

182 ± 1
179 ± 2

167 ± 2
165 ± 4

180 ± 1
178 ± 2

167 ± 2
171 ± 3

179 ± 1
177 ± 2

167 ± 2
171 ± 2

178 ± 1
178 ± 2

167 ± 2
165 ± 1

177 ± 1
176 ± 2

166 ± 1
165 ± 2

176 ± 1
174 ± 2
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Figure 7.11: Lifetime measurements from Cs-GaAs plotted in terms of right and left circular
(SAM) excitation optical pumping with external power V from 0 to 1000 V in increments of
100V

Figure 7.12 highlights the effects of nonradiative processes in the Cs-GaAs photocathode.
As the applied voltage is increased, the photoejection rate of the carriers is also increased,
causing a greater number of nonradiative events and thus a shorter decay lifetime of the
photoluminescence. The fluorescence rate is decreased by ∼30 ps at a voltage of 1000 V
and an excitation wavelength of 695 nm (Figure 7.11). At longer wavelengths, the effects
become decrease. At excitation wavelengths of 720 and 750, the differences in fluorescence
lifetimes at V max (V = 1000 V) are approximately 25 and 14 ps, whereas, at an excitation
wavelength of 780 nm, the difference is 5 ps.
Following equations (7.3) and (7.4), which describe the PL decay rate as a summation
of radiative and nonradiative rates and the results shown in figure 7.11, I calculated the
nonradiative rates due to photo-ejection of carriers (ej). Figure 7.12 shows the nonradiative
electron ejection rate (kej ) as a function of applied voltage using select excitations of 695,
720, 750 and 780 nm. As the energy increases (shorter wavelengths), the photoejection rate
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increases. As the voltage increases, the nonradiative photoejection rate (kej ) increases due
to an increase in photoelectrons. At a excitation wavelength of 780 nm (lower energy), the
nonradiative photoejection rate is minimal.

Figure 7.12: Nonradiative effects due to electron ejection (ej) as a function of applied voltage
from 100 to 1000 V from Cs-GaAs at select excitation wavelengths of 695, 720, 750 and 780
nm

The degree of polarization (P) of the photoluminescence emission is defined by equation
(7.12)
P =

I+ − I−
I+ + I−

(7.12)

where I+ and I− are the polarization resolved PL intensities of the σ+ component excited
using σ+ and σ− polarized light. Percent P (%P ) from the Cs-GaAs and the bulk GaAs was
calculated using equation (7.12) and is summarized in Figure 7.13. The %P from Cs-GaAs
and bulk GaAs was approximately 20% using an excitation of 695 nm (E= 1.78 eV). As
the energy of the excited light beam decreases, the polarization from the Cs-GaAs and bulk
GaAs samples increase to ∼ 24% and ∼ 25%, respectively.
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Figure 7.13: Degree of polarization from the Cs-GaAs photocathode and the bulk GaAs
sample as a function of excitation wavelengths (energies)

7.8

Conclusion

These results show that the Cs-GaAs photocathode can be utilized as a spin polarized electron source and that its performance can be optimized with longer near-infrared light. The
photoluminescence lifetime varied from 120 to 210 ps depending the excitation wavelength
and the GaAs material. The lifetimes at 695 nm (split off to the conduction band) were
shortest from the Cs GaAs and the bulk GaAs sample. At 780 nm (heavy holes to the
conductor band) (longer wavelengths), longer lifetimes were observed from bulk GaAs and
from Cs GaAs. When an applied voltage was used with the Cs-GaAs device, the lifetimes
decreased as a function of increased voltage due to surface defects, resulting a greater number of nonradiative events. The photocathode Cs-GaAs provides a cost-efficient method for
investigating depolarization kinetics and may lead to the engineering of more efficient spin
polarized photocathodes and other spin polarized sources.

Chapter 8
Time-Resolved OAM from p-GaAs
and Cs-GaAs

8.1

Introduction

The use of twisted photons, or light carrying orbital angular momentum (OAM), is gaining
attention because, unlike spin angular momentum (SAM), OAM possesses additional degrees
of freedom which allow for the encoding of more information. Recently, theoretical and experimental studies have emerged on the absorption of OAM light by atoms and molecules,
however limited studies have been reported on the use of OAM to optically pump electrons
in GaAs.Spin relaxation times from a gallium arsenide (GaAs) (with a layer of cesium (Cs))
photocathode device were investigated by time-resolved photoluminescence spectroscopy.
The Cs-GaAs photocathode device was optically pumped using twisted photons (light carrying spin angular momentum and orbital angular momentum OAM) at select wavelengths
from 695 to 780 nm. Photoluminescence (PL) lifetimes from the Cs-GaAs photocathode and
a bulk p-GaAs sample were fitted and analyzed in terms of excitation wavelength, OAM
`-value and type of material. The longest spin lifetime was ∼ 255 ± 2 ps using OAM `=+1
and optical pumping at a wavelength excitation of 780 nm from the Cs-GaAs photocathode.
66
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Time-Resolved Optical Setup using OAM Excitation

Time-resolved orbital angular momentum (TR-OAM) photoluminescence (PL) measurements from Cs-GaAs photocathode with and without an applied voltage and from a bulk
p-GaAs sample were obtained using light beams carrying SAM and OAM. A Ti:Sapphire
laser was used at select excitations from 695 to 780 (corresponding to the split-off band and
heavy hole band to conduction band). A schematic of the TR-OAM setup is shown in Figure 8.1. The OAM beams were created using q-plates of different topological charges, giving
different values of `. To ensure that the donut beam travelled through the optical setup
correctly, optical images were acquired of the beam along the beam path at an excitation
wavelength of 695 nm. A ThorLabs camera was placed at different locations along the beam
path, giving images of the donut beam, as shown in Figure 8.2. Location 1 represents the
location of the first image: after passing through the q-plate with q = +1/2 (and before
reaching the same). Location 2 represents the location of the second image: after reaching
the sample (and after travelling through the lens). Finally, location 3 shows the image of
the beam before entering the slit of the streak camera. The streak camera was set to focus
mode in these three locations, as shown in Figure 8.3.
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Figure 8.1: Schematic of the TR-OAM setup

Figure 8.2: Images of donut beams in three locations along the beam path
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Figure 8.3: Image from a streak camera in focus mode with donut beam

8.3

Time-resolved Photoluminescence of Cs-GaAs Photocathode and Bulk p-GaAs using OAM

TR-OAM measurements were obtained for OAM light at select wavelengths of 695, 720,
750 and 780 nm. Figure 8.4 gives the typical TR-OAM lifetimes from Cs-GaAs using an
excitation of 780 nm. Fluorescence lifetimes were calculated using exponential decay fits.
Figures 8.5 and 8.6 show the fluorescence lifetime (τF ) from bulk-GaAs and Cs-GaAs using
light carrying SAM (right or left circular polarization) and OAM (`= +1 or +2). The
fluorescence lifetimes from the bulk-GaAs were ∼140 ps using ` = +1 and ∼120 ps using ` =
+2 at an excitation of 695 nm. A similar decrease in lifetime was observed from the Cs-GaAs
with ∼200 ps using ` = +1 and ∼120 ps using ` = +2 at an excitation of 695 nm. It is
apparent that there exists difference between TR-OAM measurements using different values
of ` and polarization. It is also worth noting that TR-OAM shows differences compared
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with using SAM optical pumping techniques. Just as with the Cs-GaAs NEA photocathode
photonic device in chapter 6, OAM light gives different results than when utilizing SAM
light. Furthermore, these results suggest that OAM light may be transferred to the electron
in GaAs, resulting in a longer spin relaxation time.

Figure 8.4: Time-resolved lifetimes from Cs-GaAs photocathode at an excitation wavelength
of 780 nm (E = 1.58954 eV) using light carry right (+) and left (-) SAM and OAM ` = +2
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Figure 8.5: Exponential decay lifetimes from bulk p-GaAs using select excitations of 695,
720, 750, 780 nm and OAM ` values of +1 and +2

Figure 8.6: Exponential decay lifetimes from Cs-GaAs using select excitations of 695, 720,
750, 780 nm and OAM ` values of +1 and +2
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Conclusion

A streak camera and Ti:Sapphire laser was used to acquire time-resolved (TR) OAM measurements from the Cs-GaAs photocathode optical device and the bulk p-GaAs sample.
Light carrying spin angular momentum (SAM) and orbital angular momentum (OAM) was
utilized to optically pump the electrons in the semiconductor GaAs material. The lifetimes
were recorded and the exponential decays were caluculated. TR-SAM and TR-OAM lifetime
results show significant differences in terms of the optical pumping techniques. A longer lifetime was observed using OAM light, suggesting the transfer of OAM light to the electron in
the Cs-GaAs photocathode device and the p-GaAs.

Part II
APPLICATIONS OF
LIGHT-MATTER INTERACTIONS
IN BIOLOGICAL TISSUES
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Chapter 9
Photon Propagation Through Tissue

9.1

Photon Migration in Turbid Media

Light through complex structures is expressed in terms of diffusive, ballistic and quasiballistic (snake-like) photons. When the turbid media is thin, ballistic photons (Ib ) as they
decay are described by the differential equation:
dIb
= − µt Ib
dz

(9.1)

Ib = I0 exp(−µt z)

(9.2)

with the solution

where µt , the total attenuation coefficient, is defined as the sum of the absorption coefficient
µa and the scattering coefficient µs (µt = µa + µs ), I0 is the incident light (light entering the
media), and z is the tissue thickness. Equation (9.2) is known as Beer-Lambert’s law. For
thicker media, the diffusive photons (Id ) are governed by the diffusion equation, which can
be approximated by:
∂ 2 Id
= 3(µ0s + µa )µa Id
2
∂z

74

(9.3)
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with the solution:
p
Id = I0 exp[−( 3µa (µ0s + µa ))]

(9.4)

where µ0s = µs (1−g) is the reduced scattering coefficient, ltr = 1/µ0s is defined as the transport
mean free path and g = < cosθ > is the mean cosine of the scattering angle (anisotropy
factor). When the solid angle δΩ is small, the total transmitted light intensity I can be
written as the sum of the number of ballistic photons (Ib ) and of a fraction of the diffusive
photons (Id ):
I = Ib + (

δΩ
)Id
4π

(9.5)

Substituting equations (9.2) and (9.4) into equation (9.5) and dividing by I0 , we obtain:
p
I
δΩ
= exp (−µt z) + (
) exp[−( 3µa (µ0s + µa )z]
I0
4π

(9.6)

Yoo et al have investigated photon transport through media utilizing ultrafast laser pulses
and time-resolved detection [54]. The authors showed that for

z
ltr

< 10, the diffusion ap-

proximation deviated monotonically from the measured scattered pulse, and that scattered
photons arrived earlier than the diffusion approximation had predicted. Zhang et al found
that, at

z
ltr

∼3, there is a sharp transition from ballistic to diffusive behavior [55]. The

thickness zc where the ballistic and diffusive photons are equal is given by:

zc ≡

for µef f =

4π
1
ln( )
µs − µef f
δΩ

(9.7)

p
3µa (µ0s + µa ). When z < zc , the ballistic photons will govern over the diffusive

ones; therefore, using tissue samples (less than 1 mm) will allow for better image quality.
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Absorption and Scattering Properties of Light Through
Turbid Media

Figure 9.1: Absorbance of light by hemoglobin (HB), deoxyhemoglobin (HBO2 ), water and
collagen at NIR window I and in the SWIR range

I investigated the absorption and scattering properties of light through breast and prostate
cancer, diseased and normal brain, bone, prostate, lipids, and Intralipid solutions at wavelengths in the ultraviolet/visible range (200-650 nm), in the first near-infrared (NIR) optical
window (650-950 nm) and in the three short wavelength infrared optical windows (1100-1350
nm, 1600-1870 nm, 2100-2350 nm) [56 - 66]. Absorption of light in tissue media can occur
by select biomolecules such as collagen and elastin, lipids, hemoglobin or water in tissue
media, while scattering can be caused by cells or intracellular matrix. Water molecules, in
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particular, greatly affect image quality and penetration depth due to strong absorption peaks
from vibrational modes at ∼900 nm, ∼1,200 nm, ∼1,400 nm and ∼1,900 nm (Figure 9.1).
These effects can be minimized by imaging through thin tissue slices (less than 1 mm), thus
allowing the ballistic photons (described by Lambert-Beer’s intensity law) to govern over the
diffusive photons. These photons were measured by the total attenuation length (lt ), where
lt is described by equation (9.8)
lt =

1
µt

(9.8)

where µt is the inverse of the total length traveled by the ballistic photons in the tissue media
and is determined by combining the absorption (µa ) and scattering (µs ) coefficients (µt = µa
+ µs ). Prostate tissue of various thickness was obtained. The total attenuation lengths (lt )
for prostate, bone and brain are shown in Figures 9.2, 9.3 and 9.4. These results show that
wavelengths of light in window III and IV provided less attenuation of light through tissue
compared with using other wavelengths of light.

Figure 9.2: Spectra of the total attenuation lengths (lt ) in microns from normal prostate
tissue at different thicknesses of 50, 100 and 200 microns using the I, II, III, and IV optical
windows
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Figure 9.3: Spectra of the total attenuation lengths (lt ) in microns from human bone using
the I, II, III, and IV optical windows

Figure 9.4: Spectra of the total attenuation lengths (lt ) in microns from mouse brain using
the I, II, III, and IV optical windows
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Optical Properties of Tissues with Applications to
SWIR Imaging

Figure 9.5: Optical imaging setup using longer NIR wavelengths (1100-1700 nm)

Longer NIR wavelengths had been overlooked due to major water absorption peaks and
lack of NIR-CCD detectors. The second NIR spectral window from 1,100 to 1,350 nm
and a new spectral window from 1,600 to 1,870 nm, the third NIR optical window, were
investigated using a traditional lamp based light source and IR-CCD camera (Figure 9.5).
Optical images of chicken tissue overlying three black wires were obtained using the second
and third spectral windows (Figure 9.6). Due to a reduction in scattering and minimal
absorption, longer attenuation and clearer images could be seen in the second and third NIR
windows compared to the conventional first NIR window.
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Figure 9.6: Optical images of tissue of various thicknesses and hidden abnormalities using a
conventional broadband lamp light source

9.4

Optical Properties of Tissues with Application to
SWIR Supercontinuum Imaging

The compact supercontinuum laser light system, which has advantages including high power,
broadband spectrum, and the ability to span from the ultraviolet to the infrared, provides
a greater number of outgoing photons compared to a conventional lamp light source [67 -
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71]. It was used at wavelengths in the second and third NIR optical windows (from 1,100
to 1,350 nm and from 1,600 to 1,870 nm, respectively) with an NIR InGaAs CCD detector
to reveal images of abnormalities (three black wires) hidden beneath thick layers of tissue.
Optical images of tissue overlying black wires were also obtained using an InGaAs camera
detector and light from a conventional halogen lamp. Transmission images were obtained
using the optical setup shown in Figure 9.7.

Figure 9.7: Optical imaging setup using longer NIR wavelengths (1100-1700 nm) from a
supercontinuum laser light source

Transmission imaging utilizes one path to give information on the depth of penetration
and is considered better at assessing depth than reflection imaging. Reflection imaging can
also be used to show and locate abnormalities in the tissue. Images from the supercontinuum
(Leukos Inc.) and from the lamp were compared. Results are shown in Figure 9.8.
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Figure 9.8: Optical images of tissue of various thicknesses and hidden abnormalities using a
compact supercontinuum laser light source

9.5

Conclusion

SWIR light may be utilized in combination with many optical applications including labelfree microscopy, fluorescence lifetime imaging, and may also be useful during endoscopy to
reveal early and in situ cancers. Because of their increased collagen content, cancer, bone
and diseases of bone may be best investigated at window IV (2100-2350 nm), while lipid rich
tissues like the brain may be best studied in window III (1600-1870 nm). Among potential
medical uses of the fourth window are the evaluation of atherosclerosis, vulnerable plaque,
aneurysms and the evaluation of disorders of bone, including Paget’s disease and osteogenesis
imperfecta [69 - 75].

Chapter 10
Biomolecules in Tissues using A
Novel Optical Unit

10.1

Introduction

In 1984, an alternative approach to cancer detection, known as fluorescence spectroscopy or
autofluorescence spectroscopy, was introduced by Alfano et al [76]. This approach utilizes
the emission of light from the native biomolecules present in tissues, without the use of
extrinsic dyes. Because key organic biomolecules such as tryptophan, collagen, elastin and
nicotinamide adenine dinucleotide (NADH) have absorption and emission peaks that occur at
different wavelengths, an optical fingerprint of the studied tissue can be obtained. Analysis
of these spectral peaks can give information about the changes that occur in cancer and
other diseases. At about the same time, Profio et al used fluorescence of lung tissues with
extrinsic dyes during bronchoscopy to localize bronchogenic carcinoma [77]. Soon after, Tata
et al studied fluorescence polarization spectroscopy of native cancerous and normal kidney
tissues [78]. The next major advance in optical spectroscopy occurred in 1987, when Alfano
et al investigated the fluorescence spectra from cancerous and normal human breast and lung
tissues [79]. For the next decade, other investigators utilized ultraviolet and visible light for
83
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cancer diagnosis, and key advances were made [80 - 87]. For example, Svanberg et al used
laser-induced fluorescence for tissue characterization [87]. Gupta et al studied breast cancer
using N2 laser excited native fluorescence spectroscopy [88] and Bigio et al used scattering
light spectroscopy for tissue diagnosis [89]. Recently, many other investigators have also
utilized light for cancer diagnosis [89 - 97]. In 2007, Alimova et al investigated hybrid
phosphorescence and fluorescence native spectroscopy for breast cancer detection utilizing
UV LED excitation [98].
It has been reported that cancerous tissue samples have an increased amount of the amino
acid tryptophan (emission intensity peak maximum at ∼ 340 nm) compared to collagen or
NADH (emission intensity peaks maxima at ∼ 380 nm and ∼ 440 nm, respectively) [86].
Figure 10.1 gives shows the absorption and emission wavelength peak maxima of key organic
biomolecules tryptophan, collagen, elastin, NADH and flavins.

Figure 10.1: Absorption and emission spectral profiles from key biomolecules [76]

Table 10.1 summarizes the absorption and emission wavelength peak maxima for tyrosine,
tryptophan, collagen, elastin, NADH and flavins [76]. Tryptophan is required for protein
synthesis and thus increased fluorescent levels can be expected in cancerous breast tissue due
to higher cell density and uncontrolled cell division. At an excitation of 280 nm, aromatic

CHAPTER 10. BIOMOLECULES IN TISSUES USING A NOVEL OPTICAL UNIT

85

Table 10.1: Absorption and emission spectral peak maxima
Biomolecules

Excitation (nm)

Emission (nm)

Tyrosine

275

303

Tryptophan

287

342

Collagen

339

380

Elastin

351

410

NADH

340

440-460

Flavins

375

525

amino acids (phenylalanine, tyrosine and tryptophan residues) can be excited; however, the
emission is most likely from the indole ring of tryptophan. Tyrosine and phenylalanine
will contribute significantly less to the overall emission at this excitation, due to fluorescent quenching attributed to the energy transfer from phenylalanine to tyrosine and from
tyrosine to tryptophan. Apart from an intraprotein energy transfer from phenylalanine to
tyrosine, phenylalanine is unlikely to produce fluorescence energy transfer due to a low quantum yield. Similarly, tyrosine can be quenched due to an energy transfer from tyrosine to
tryptophan residues. Therefore, tryptophan residues dominate emission and are ideal for
fluorescence resonance energy transfer. At a selective longer-wavelength excitation of 300
nm, only tryptophan residues in proteins will be excited. From these excitation wavelengths,
the longer-wavelength (red-shifted) 1 La emitting state of tryptophan will occur at a maximum emission intensity peak of ∼ 340 nm. Additional contributions to the emission spectra
at these excitations can occur from proximal fluorophores in the tissue, such as NADH (a
highly fluorescent coenzyme with absorption and emission peaks at 340 nm and 440-460
nm, respectively). Due to a large spectral overlap and matching excitation-emission spectra,
fluorescent resonance energy transfer from excited tryptophan (donor) to NADH (acceptor) (a dipole-dipole interaction shown by Förster to be an interaction of coupled electronic
dipoles known as donors and acceptor molecules) can occur and affect the overall fluorescent
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spectrum of tryptophan. Studies by Torikata et al have shown that energy transfer from
tryptophan to neighboring NADH in pig lactate dehydrogenase (LDH) and malate dehydrogenase (MDH) causes a decrease in its fluorescence lifetimes and leads to quenching of
tryptophan fluorescence [99].

10.2

The Use of a Compact Novel Optical Device to
Distinguish Normal from Malignant Breast Tissues

The optical properties of paired human breast malignant and normal tissue samples were
investigated using a compact, novel fluorescence spectroscopic (S3 -LED) ratiometer unit
with no moving parts [100, 101]. The S3 -LED ratiometer unit was tested on 22 samples
from 11 breast cancer patients (11 pairs of normal and cancerous breast cancer tissues).
In this work, I used native, label-free fluorescence spectroscopy with a selective excitation
wavelength of 280 nm to study tissues from patients with different breast cancer histologies.
Linear Discriminant Analysis (LDA) was applied to separate Principle Component Analysis
(PCA)-analyzed results into two categories: cancer (malignant) and normal. To highlight the
spectral difference between cancerous and normal breast tissues caused by key fluorophores,
the ratios of intensities at 340/440 nm and 340/460 nm were calculated from the spectral
peaks for both breast normal and malignant tissues.

10.3

The Compact Novel Optical Device

The S3 -LED ratiometer unit has multiple wavelength LEDs coupled to an optical fiber and
wavelengths in the ultraviolet to blue-green range (280 - 520 nm), where S3 stands for Stokes
Shift Spectroscopy [102]. The main parts of the S3 -LED unit are shown in Figure 10.2. The
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unit contains a miniature fiber Ocean Optics spectrometer which consists of a linear silicon
array detector and is equipped with an additional detection collection lens for increased
light efficiency. The Ocean Optics spectrometer can collect light in the wavelength range
of 200 to 1100 nm with a spectral resolution of ∼ 0.33 nm and an acquisition time of less
than 1 second. The LEDs are less than 1 mm squared and create enough power to excite a
sample and to be detected by the sensitive Ocean Optics spectrometer. LEDs offer a higher
efficiency and lifetime compared to lamp sources. This device is compact and no external
power is needed.

Figure 10.2: Schematic of the S3 -LED ratiometer unit
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Characteristics of Breast Cancer Patients

The S3 -LED ratiometer unit was used to obtain the fluorescence spectra that show differences
in spectral peaks of key biomolecules in 11 paired breast normal and malignant tissue samples
from patients with different breast cancer histologies. Fresh tissues of random shapes were
supplied by the National Disease Research Interchange (NDRI) and the Cooperative Human
Tissue Network (CHTN) under an institutional review board (IRB) protocol. All tissue
samples were measured within 24 hours of removal from the patient. The fresh breast normal
and malignant samples from each patient were measured at the same time. The patient ages
ranged from 44 to 76 (see Table 10.2). Eight were post-menopausal, two were pre-menopausal
and one was peri-menopausal. Nine were Caucasian and two were black. All 11 patients had
been treated with mastectomy. None of patients had received prior radiation to the breast.
Two had received prior neo-adjuvant chemotherapy without shrinkage of tumor, while nine
were treatment naive. Measurements were acquired from multiple random locations along
the surfaces of the samples. Cuvettes were used to hold tissue samples. The wavelengths
collected by the Ocean Optics spectrometer ranged from 300 to 700 nm. A microscopic
image of stained pathology slides (20x magnified) from malignant (Figure 10.3) and normal
(Figure 10.4) tissues from patient 3 can also be seen. Table 10.2 list the patient number,
age, sex, histology, stage and grade.
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Figure 10.3: Image of stained pathology slides (20x magnified) from a breast cancer sample

Figure 10.4: Image of stained pathology slides (20x magnified) from a normal tissue sample
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Table 10.2: Characteristics of 11 breast cancer patients
Patient Number

Age

Grade

Stage

Histology

(n)

(yrs.)

1

76

3

2A

Invasive Ductal Carcinoma

2

61

3

3C

Multifocal Invasive Ductal Carcinoma

3

74

2

3C

Invasive Micropapillary Breast Carcinoma

4

59

3

3C

Invasive Ductal Carcinoma

5

44

3

3C

Invasive Metaplastic Carcinoma,
Matrix Producing Subtype with Chondroid
and Squamous Differentiation

6

66

2

3C

Invasive Ductal Carcinoma

7

54

1

2A

Invasive Ductal Carcinoma

8

59

3

3C

Invasive Ductal Carcinoma

9

66

3

3A

Invasive Ductal Carcinoma

10

63

3

2B

Invasive Ductal Carcinoma

11

48

2

2A

Invasive Lobular Carcinoma,
Pleomorphic Variant
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Statistical Analysis

Principal Component Analysis (PCA) was used to analyze the 11 paired breast cancer samples. PCA is a mathematical procedure that uses an orthogonal transformation to convert
a set of observations of possibly correlated variables into a set of values of linearly uncorrelated variables called principal components. In our study, PCA was applied as a technique
that can resolve a complete spectral data set into a few principal components and can thus
identify and isolate important trends within the data set. Therefore, PCA was used to reduce the number of parameters needed to represent the variance in the spectral data set.
Subsequently, linear discriminant analysis (LDA) was employed.
Linear Discriminant Analysis (LDA) is a method to find a linear combination of features
which separates two or more classes of objects or events. This method is useful when there
are two group classes of significant discriminants. In our study, LDA was applied to separate
the PCA-analyzed results into two categories: cancer (malignant) and normal. To evaluate
the performance of the PCA algorithm combined with LDA for diagnosis of human breast
cancer, the following terms can be used 1) true positive: a cancerous sample correctly diagnosed as malignant; 2) false positive: a healthy sample incorrectly identified as malignant;
3) true negative: a healthy sample correctly identified as healthy; and 4) false negative: a
cancerous sample incorrectly identified as healthy. Sensitivity and specificity are then calculated. Sensitivity is the proportion of true negatives correctly recognized. Specificity is the
proportion of true positives correctly identified. The sensitivity and specificity scores range
between 0 and 1, where the larger the score the better the method.
A Receiver Operator Characteristic (ROC) curve is a graphical plot of two group classes;
true positive rate (sensitivity) vs. false positive rate (1 minus specificity). Accuracy is
measured by the area under the ROC curve (AUC). A rough guide for analyzing the accuracy
of a diagnostic test is the standard academic point system: (A) excellent = 0.90 - 1; (B)
good = 0.80 - 0 .90; (C) fair = 0.70 - 0.80; (D) poor = 0.60 - 0.70; and (F) fail = 0.50 - 0.60.

CHAPTER 10. BIOMOLECULES IN TISSUES USING A NOVEL OPTICAL UNIT

10.6

92

Results and Discussion

A new compact S3 -LED ratiometer unit which is portable and without moving parts is
described which can be used to distinguish normal from malignant breast tissues. The
fluorescence spectral profiles were obtained using a 280 nm excitation (Figure 10.5a). Distinct
differences at 340 nm and at 440 nm were observed between normal and malignant breast
tissue. The peaks observed at 340 nm are most likely attributable to tryptophan.

Figure 10.5: (a) Average fluorescence spectral profiles of cancerous (solid line) and normal
(dashed line) breast tissues from 11 patients with standard deviation error bars at key
wavelengths, (b) bar graph of 340/440 nm and 340/460 nm ratios from patient 10 who was
HER2/neu negative, estrogen receptor positive and progesterone receptor negative

In each of the 11 patient samples in our study, there was a weaker spectral signature in
normal tissue than in the malignant tissue sample at 340 nm. This may be due to increased
protein synthesis and the increased utilization of the amino acid tryptophan that occurs in
more rapidly dividing cancer cells. Tryptophan is an amino acid required for protein synthesis, accounting for the majority of protein fluorescence. Because of the higher cell density
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and uncontrollable cell division in cancerous breast cells, increased fluorescence of tryptophan
should be expected. A second peak was observed at 440 nm and is most likely attributable
to the biomolecule NADH. The ratios of these emission peaks were calculated. These ratios
are shown in Figure 10.2b for patient ten. Further, the 340/440 nm and 340/460 nm ratios
were consistently greater in the malignant samples compared to the normal samples.
Principal component analysis (PCA) was done on 11 patient samples of different breast
cancer histologies. The fluorescence spectra of the malignant and normal breast cancer
samples show intensity peaks at 340 and 440 nm. Principle component one (PC1) and
principle component two (PC2) represent the data set obtained from the fluorescence spectra
peaks at 340 and 440 nm respectively. Results of PCA along with linear discriminant analysis
(LDA) for 11 patients can be seen in Figure 10.6a. Figure 10.6b shows a receiver operator
characteristic (ROC) curve of true positive rate (sensitivity) vs. false positive rate (1 minus
specificity). The sensitivity and specificity were calculated as 0.80 and 0.78 respectively.
AUC is 0.84 and suggests good accuracy.

Figure 10.6: PCA-analyzed (PC1 vs. PC2) results from native fluorescence spectra of cancerous and normal breast tissues from 11 patients, (b) ROC curve with a AUC of 0.84
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A consistent difference in the 340/440 nm and 340/460 nm ratios was seen between
malignant and normal breast cancer samples regardless of tumor histology, stage, grade,
menopausal status or hormone receptor status. It is noteworthy that the difference in the
340/440 nm ratios and the 340/460 nm ratios between the malignant and normal samples was
seen regardless of the pathologic characteristics of the breast samples studied, although there
was a suggestion that in a more malignant tumor there might have been a more profound
difference. In the case of patient ten, a higher ratio was observed compared to the ratios from
other patients, this may have been because patient 10’s tumor was more malignant by several
important measures. It was very large (4.8 cm compared 2.8 cm for patient 8’s tumor), was
progesterone receptor negative while patient 8’s tumor was progesterone receptor positive,
and had fewer estrogen receptors (more than 95% vs. 19%). As expected, the difference in
340 nm/440 nm and 340 nm/460 nm ratios between the benign and malignant breast tissue
samples was also seen in the two patients who received neo-adjuvant chemotherapy without
tumor shrinkage.

10.7

Conclusion

This S3 -LED ratiometer unit provides a simple and effective way of showing intrinsic properties of human breast tissue. Breast carcinomas that are pre-menopausal can be thought
to represent different diseases than breast carcinomas that develop in the post-menopausal
population. Likewise, tumors that have hormone receptor or HER2/neu receptor positivity
have a different natural history, prognosis and treatment responsiveness than those that are
receptor negative. This study suggests that this device can be used in vitro for distinguishing
cancerous from normal tissue and could be used as part of the assessment for determining
whether a cancer has been completely resected, thus minimizing the need for second or repeat
surgeries.

Chapter 11
Relative Tryptophan Content and
Cancer Grade

11.1

Overview

As an extension of chapter 10 section 2, breast cancer and normal breast tissues from 15
breast cancer patients (15 cancerous, 15 paired normal samples) were studied in term of
patient characteristics using fluorescence spectroscopy. Two separate instruments, the conventional LS 50 spectrometer and the novel S3 -LED ratiometer unit were used to acquire
the fluorescence spectral profiles from these samples. Emission profiles from normal and
malignant breast tissues contained a large peak located at 340 nm, representing tryptophan
content, followed by a much smaller and broader peak at 440-460 nm, due in part to NADH.
The ratio of intensity peaks at 340/440 and 340/460 were calculated. Higher ratios were
observed from the 340/440 and 340/460 ratios from the malignant tissues. This is consistent
with our previous studies. When these results were analyzed in terms of patient characteristics, it was revealed that high relative tryptophan content (as seen by the ratios of emission
peaks) correlated strongly with high histologic grade and with tumor size. In addition, lymph
node metastases, estrogen receptor, progesterone receptor or HER2/neu receptor status did
95
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not correlate with relative tryptophan content. These findings suggest that the measurement
of relative tryptophan content may be useful in the assessment of these cancers and that,
histologic grade, a historically underappreciated measure of breast cancer, is an important
predictor of prognosis for patients with breast carcinoma.

11.2

Introduction

Tumor histologic grade is a known, but underappreciated, predictor of diagnosis in breast
cancer patients [103 - 105]. Despite the importance of grade, it has historically not been
included as one of the standards for staging of this cancer. The current TNM staging
system for breast carcinoma utilizes only tumor size and extent of local invasion (T), number
of axillary lymph nodes with metastases (N), and presence of distant metastases (M) as
measures of the stage of the cancer [105]. As a result, patient prognosis (and thus the need
for adjuvant chemotherapy) is often assessed using only these measures. Rakha et al note,
however, that tumor histologic grade is at least as important an indicator of patient prognosis
as is the number of lymph node metastases, and is more important than tumor size [103]. In
a review of 22, 616 patients with breast cancer, Henson found that patients with low-grade
cancers and size less than 2 cm had a 99% five year survival despite the presence of lymph
node metastases [106]. In another study of patients with estrogen-receptor positive breast
cancer and 1-3 positive axillary lymph nodes, the 10 year relapse rate was 43% for high-grade
tumors, but only 24% and 5% for intermediate and low grade cancers [107].
In this study, the spectral emission profiles from 15 patients with breast carcinoma were
obtained using the conventional LS 50 Perkin-Elmer luminescence spectrometer with excitations at 280 nm and 300 nm [108, 109]. These spectral profiles were analyzed using a
combination of emission intensity peak ratios. We used the ratios of fluorescence intensities
at their spectral emission peaks, or spectral fingerprint peaks, at 340, 440 and 460 nm. The
relative intensities or ratios (R) of emission intensity peaks, from these excitations, at 340,
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440 and 460 nm from malignant (M) tissue samples (RM 1 = I 340 and RM 2 =I 340 and from
440

460

paired normal (N) tissue samples (RN 1 =I 340 and RN 2 =I 340 ) were calculated. The extent
440

460

of the increase in tryptophan was measured from the ratios of cancerous ratios (RM 1 , RM 2 )
1
2
over normal ratios (RN 1 , RN 2 ) to give R1 = RRM
and R2 = RRM
. We report that increased trypN1
N2

tophan levels demonstrated by increases in R1 and R2 correlate strongly with high histologic
grade and with large tumor size, but not with lymph node metastases, or with estrogen
receptor, progesterone receptor or HER2/neu receptor status. This suggests that measurement of tryptophan content may be useful as part of the evaluation of patients with breast
cancer.

11.3

Characteristics of Breast Cancer Patients and Optical Setup

Spectral profiles were acquired from 30 breast tissue samples from 15 breast cancer patients
(15 cancerous, 15 paired normal samples). Tissues samples were supplied by the National
Disease Research Interchange (NDRI) and the Cooperative Human Tissue Network (CHTN)
under an Institutional Review Board (IRB) protocol. None of the samples were chemically
treated (no phosphate buffer saline immersion). The samples were kept on ice except during
the experiments. The tissues from paired normal and malignant samples were done under
the same exact conditions. In general, the tissue samples were analyzed within 24 hours
of resection. The malignant sample and its paired normal sample were always done at the
same time. The patient ages ranged from 48 to 76 years old (Table 11.1). Three were
pre-menopausal, 11 were post-menopausal, and one was peri-menopausal. Fourteen were
Caucasian and one was black. One had received prior neo-adjuvant chemotherapy without
shrinkage of tumor, while fourteen were treatment naive. One patient (n=10) had had a
prior surgery and the sample analyzed was a recurrent cancer. Characteristics of the 15
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patient cancers are given in Table 11.1. Measurements were acquired from multiple random
locations along the surfaces of the samples. Cuvettes were used to hold tissue samples.
Table 11.1: Characteristics of 15 breast cancer patients
Patient

Age

Grade

Number

Tumor

Number of

Size

Nodes

Histology

(n)

(yrs.)

(cm)

1

63

3

4.8

1

Invasive Ductal Carcinoma

2

66

3

2.5

4

Invasive Ductal Carcinoma

3

59

3

2.8

4

Invasive Ductal Carcinoma

4

54

1

2.2

>10

Invasive Ductal Carcinoma

5

59

3

5.4

>10

Invasive Ductal Carcinoma

6

74

3

8.5

16

Micropapillary Breast Carcinoma

7

61

3

4.0

11

Multifocal Invasive Ductal Carcinoma

8

76

3

4.5

†

Invasive Ductal Carcinoma

9

48

2

3.5

2

Invasive Lobular Carcinoma,
Pleomorphic Variant

10

51

3

∗

∗

Recurrent Invasive Ductal Carcinoma

11

62

2

1.8

>10

Invasive Ductal Carcinoma,
Lobular Features

12

53

3

3.0

1

Invasive Ductal Carcinoma

13

60

1

0.9

1

Invasive Ductal Carcinoma

14

47

3

2.7

0

Invasive Ductal Carcinoma

15

64

2

4.1

1

Invasive Carcinoma with Ductal
and Lobular Features

∗ not assessed, recurrent cancer. † not sampled

CHAPTER 11. RELATIVE TRYPTOPHAN CONTENT AND CANCER GRADE

99

The conventional LS 50 Perkin Elmer Luminescence Spectrometer is a computer controlled device which uses a Xenon (Xe) discharge lamp light source. It is equipped with
excitation, emission and synchronous scan functions in the spectral range of 200 nm to 800
nm and has ±1 nm wavelength accuracy. The slit widths can be varied to give resolutions
between 2 nm and 15 nm. The emission spectra from the tissue samples were acquired using
excitation wavelengths of 280 nm and 300 nm, with a 280 nm and 300 nm FWHM 25 ± 5
nm bandpass filters. The focal spot size of the excitation beam is approximately 7 mm in
length and 2 mm in width.

11.4

Ratio of Emission Peaks from Key Biomolecules
in Breast Tissue

Spectral profiles from patients with breast carcinoma were acquired using the LS 50 fluorescence spectrometer at 280 nm and 300 nm excitations. The emission spectra show similar
peak maxima at ∼340 nm using an excitation of 280 nm and 300 nm and suggest that fluorescence is dominated by tryptophan residues. A weak secondary peak at 440-460 nm is due
to NADH. A large spectral overlap and matching excitation-emission peaks at 340 nm from
tryptophan and NADH, respectively, makes tryptophan and NADH a good donor-acceptor
pair. The Förster distance R̄0 for this pair in solution has been reported as 25 Å(where R̄0
is obtained using the average value of the orientation factor (angle between the donor and
acceptor dipoles) κ2 where κ2 = κ¯2 =

2
3

to account for the fast rotatory Brownian motion

which occurs during the lifetime of the donor) [110 - 112].
Ratios (R) of emission intensity peak maxima from biomolecules in malignant (RM 1 =
I 340 and RM 2 = I 340 ) and normal (RN 1 = I 340 and RN 2 = I 340 ) samples were calculated.
440

460

440

460

As in our previous studies, results show that malignant tissue samples have higher 340/440
nm and 340/460 nm ratios compared to corresponding ratios from their paired normal tissue
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1
samples. Additionally, normalized, averaged, cancerous over normal ratios (R1 = RRM
and
N1
2
.) were calculated. Tables 11.2 and 11.3 compare the histologic grade with ratio
R2 = RRM
N2

results R1 and R2 .
Table 11.2: Normalized ratios (R1 ) of emission intensity peaks from RM 1 = I 340 over RN 1 =
440
I 340
440

Patient Number (n)

Grade

Exc. 280 nm

Exc. 300 nm

1

High

3.55559

4.24868

2

High

2.97966

1.81906

3

High

1.94209

3.68094

5

High

1.77844

1.45143

6

High

2.97260

2.62358

7

High

1.06760

0.98885

8

High

1.14453

1.50294

10

High

3.04503

2.97847

12

High

5.58090

4.30446

14

High

3.69436

5.50504

4

Low or Intermediate

0.96124

1.03272

9

Low or Intermediate

0.51636

1.10069

11

Low or Intermediate

0.93561

1.00690

13

Low or Intermediate

1.03057

0.69261

15

Low or Intermediate

0.78371

0.86216
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Table 11.3: Normalized ratios (R2 ) of emission intensity peaks from RM 2 = I 340 over RN 2 =
460
I 340
460

Patient Number (n)

Grade

Exc. 280 nm

Exc. 300 nm

1

High

5.52591

5.63311

2

High

2.97966

1.64052

3

High

2.57668

4.71759

5

High

4.06914

4.29812

6

High

1.39372

1.68522

7

High

1.33370

1.35229

8

High

1.07624

1.61274

10

High

5.11103

4.64725

12

High

8.65770

5.08158

14

High

6.29456

5.90878

4

Low or Intermediate

0.88474

1.06531

9

Low or Intermediate

0.55638

0.44834

11

Low or Intermediate

1.18821

1.15523

13

Low or Intermediate

1.20407

0.52290

15

Low or Intermediate

0.88429

0.85510

Patients with high histologic grade breast cancer had higher R1 , whereas patients with
intermediate/low grade breast cancer had lower R1 results. R1 for high grade tumors, from
280 nm and 300 nm excitations, had average values of 2.77608 (with standard deviation of
1.36389 and p-value of 0.00138 <0.05) and 2.910345 (with standard deviation of 1.49592 and
p-value of 0.00260 <0.05). Similar results can be seen for R2 , with a higher overall R2 for
patients with high grade cancer and a lower R2 for patients with intermediates or low grade
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cancer. R2 for high grade tumors, from 280 and 300 nm excitations, had average values of
3.90183 (with standard deviation of 2.49327 and p-value of 0.00484<0.05) and 3.65772 with
a standard deviation of 1.759722 and p-value of 0.00081<0.05). The combined averages of R1
and R2 for high grade tumors were 3.31149 and were 0.88436 for low grade tumors. Higher
ratios correlated strongly with grade 3 (high) histologic grade, while tumors that were grade
2 or 1 (intermediate/low) demonstrated low ratios.
Large tumor size also correlated with high ratios. This is not surprising as tumor size
frequently correlates with the degree of tumor grade. Exceptions to the association of high
ratios and large tumor sizes occurred where the tumor was lower grade (n=9 and 15) and
histologic grade could be regarded as a confounder. Tables 11.4 and 11.5 compare the tumor
size with the ratios R1 and R2 .
The combined averages of R1 and R2 for different tumor sizes were 2.99007 with a standard deviation of 1.16402 (above 4.5 cm), 3.41884 with a standard deviation of 2.32900 (2.5
to 4.5 cm) and were 0.98116 with a standard deviation of 0.20324 (0 to <2.5 cm).
Although histologic grade and tumor size (to a lesser degree) correlate with high ratios,
the number of axillary lymph node metastases, a major determinant of staging, was found
not to correlate with the ratios, with tumors from patients who had a small number or zero
positive nodes demonstrating high ratios if high grade, and tumors from patients with a
large number of positive nodes showing low ratios if they were lower grade. For example,
analysis of the samples from patient n=14 showed high R1 and R2 because the cancer was
high-grade, despite the fact that this patient had zero positive lymph nodes. The sample
from patient n=12 demonstrated a high ratio, presumably because it was high grade, despite
the fact that only one lymph node was positive for cancer. On the other hand, analysis of
samples n=4, 7 and 11 gave low ratios, presumably because their cancers were lower-grade,
even though each of these patients had more than 10 positive lymph nodes. No correlation of
increased ratios could be found with estrogen receptor, progesterone receptor or HER2/neu
receptor statuses.
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from RM 1 = I 340 over RN 1 = I 340
440

RM 1
)
RN 1
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of emission intensity peaks

440

Patient Number (n)

Tumor Size (cm)

Exc. 280 nm

Exc. 300 nm

1

Above 4.5

3.55559

4.24868

5

Above 4.5

1.77844

1.45143

6

Above 4.5

2.97260

2.62358

2

2.5 – 4.5

2.97966

1.81906

3

2.5 – 4.5

1.94209

3.68094

7

2.5 – 4.5

1.06760

0.99885

8

2.5 – 4.5

1.14453

1.50294

9∗

2.5 – 4.5

0.51636

0.37816

12

2.5 – 4.5

5.58090

4.30446

14

2.5 – 4.5

3.69436

5.50504

15∗

2.5 – 4.5

0.78371

0.86216

4

0 - <2.5

0.96124

1.03272

11

0 - <2.5

0.93561

1.10069

13

0 - <2.5

1.03057

0.69261

∗ low grade tumor, grade acts as a confounder.
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from RM 2 = I 340 over RN 2 = I 340
460

RM 2
)
RN 2
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of emission intensity peaks

460

Patient Number (n)

Tumor Size (cm)

Exc. 280 nm

Exc. 300 nm

1

Above 4.5

3.55559

4.24868

5

Above 4.5

4.06914

4.29812

6

Above 4.5

1.39372

1.68522

2

2.5 – 4.5

2.97966

1.64052

3

2.5 – 4.5

2.57668

4.71759

7

2.5 – 4.5

1.33370

1.35229

8

2.5 – 4.5

1.07624

1.61274

9∗

2.5 – 4.5

0.55638

0.44834

12

2.5 – 4.5

8.65770

8.08158

14

2.5 – 4.5

6.29456

5.90878

15∗

2.5 – 4.5

0.88429

0.85510

4

0 - <2.5

0.88474

1.06531

11

0 - <2.5

1.18821

1.15523

13

0 - <2.5

1.20407

0.52290

∗ low grade tumor, grade acts as a confounder.
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The use of a Compact Novel Optical Device to
Distinguish High Grade and Low Grade Breast
Cancer Tissues

As I had done with LS 50 spectrometer, I acquired the fluorescence spectral profiles from
breast cancer and breast normal tissues using the S3 -LED ratiometer unit (with an excitation
wavelength of 280 nm) and calculated the ratios of intensity peaks. Table 11.6 compares the
histologic grade with ratio results R1 and R2 . The scattered plots show the ratios R1 and
R2 from 15 patients with high grade, intermediate and low grade tumors (Figure 11.1).

Figure 11.1: Scattered plots of ratios (a) R1 and (b) R2 of emission peaks based on tryptophan
from high and low grade breast tissues in terms of patient number (n)
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Table 11.6: Normalized ratios R1 of emission intensity peaks (from RM 1 over RN 1 ) and R2
(from RM 2 over RN 2 )
Patient Number (n)

Grade

R1

R2

1

High

1.96771

2.06390

2

High

1.93267

1.93267

3

High

1.48010

1.59443

5

High

2.87290

2.77186

6

High

1.46622

1.08646

7

High

1.24316

1.43254

8

High

1.67442

1.67322

10

High

2.10414

2.48175

12

High

2.34182

2.44842

14

High

1.73958

1.89401

4

Low or Intermediate

1.24094

0.99606

9

Low or Intermediate

0.67659

0.75064

11

Low or Intermediate

0.89887

0.98613

13

Low or Intermediate

1.10142

1.08382

15

Low or Intermediate

0.88468

0.87595
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Table 11.7: Average R1 and R2 from 15 patients with breast carcinoma and corresponding
histologic grade
Grade

Average R1

Average R2

High

1.88227

1.93793

Low or Intermediate

0.96050

0.93852

Overall, normalized, average R1 from high grade tumors was 1.88227 (with standard
deviation of 0.47824) and 0.96050 (with standard deviation of 0.21717) from low grade tumors
(Table 11.6). Similarly, normalized average R2 from high grade tumors was 1.93793 (with
standard deviation of 0.52048) and 0.93852 (with standard deviation of 0.12836) from low
grade tumors. Tumors identified as high grade (identified by using the S3 -LED ratiometer
unit and by pathologic examination) were taken as true-positive findings, while low grade
tumors were considered true-negative findings. Sensitivity and specificity were 100% and
∼ 91% respectively. On the other hand, it was striking that no correlation could be found
between tryptophan content and the number of axillary lymph nodes containing tumor
metastases. For example, patients n=4, 11, and 15 each had more than 10 positive lymph
nodes, but had low R1 and R2 results because their cancers were of low or intermediate grade,
while patients n=1, 12 and 14 had high R1 and R2 results secondary to the high histologic
grade of their cancers, even though they each had only 1 positive lymph node. These results
imply that while tumor histologic grade, like tryptophan content, is an intrinsic characteristic
of the tumor, the extent of lymph node metastasis may be influenced by both the nature of
the cancer and the body’s resistance to its spread, and, therefore, that therapeutic strategies
for treating the individual patient should take into account this difference.
The portability and ease of use of the S3 -LED unit allows for its potential widespread
utilization, while the simplicity of our method of determining relative tryptophan content
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may provide an easy method for instantaneously evaluating the cancer, without waiting days
for conventional laboratory testing or microscopic review. Unlike pathologic review of histologic grade, which is subjective, measurement of relative tryptophan content is an objective
measure. This measurement is easy to perform and results can be obtained instantaneously,
and it may be a useful part of the assessment of the individual patient and the determination
of their optimal treatment protocol. For example, it is possible that the best treatment for
a patient with tumor spread secondary to a highly aggressive cancer (consistent with high
tryptophan content) may be different than that for a patient with a tumor of intermediate
aggressiveness but with compromised resistance to tumor spread (consistent with a lower
tryptophan content). This method may also give additional information by providing an objective measure for determining different degrees of aggressiveness among the sub-group of
histologically high grade tumors. Use of the S3 -LED ratiometer unit, which is portable and
which contains no moving parts, may make this assessment possible even in small institutions
and in remote areas.

11.6

Conclusion

A number of researchers have shown cancerous tissues have an increase in their tryptophan
content compared to normal tissues. In this study, the emission spectra from breast cancer
tissues show similar peak maxima at ∼340 nm using an excitation of 280 nm and 300 nm and
suggest that fluorescence is dominated by tryptophan residues. A possible energy transfer
between tryptophan (donor) and NADH (acceptor) in breast tissue samples with excitation
wavelengths of 280 nm and 300 nm is noted. Based on these results, it is shown that increase
in tryptophan content is correlated with the degree of tumor histologic grade. Indeed, the
difference in tryptophan content between high and lower grade tumors that I observed in
my study was marked. The combined averages of R1 and R2 for high grade tumors were
3.31149 and were 0.88436 for low grade tumors. Tumor size also correlates with increased

CHAPTER 11. RELATIVE TRYPTOPHAN CONTENT AND CANCER GRADE

109

tryptophan content, but this appears to be due to the known association of large tumor size
with high histologic grade.
Similarly, this study describes a novel, compact, no moving parts, label-free, S3 -LED
ratiometer unit which could be used in vitro as part of the evaluation for determining the
aggressiveness of the breast cancer tissues, and demonstrates that the S3 -LED ratiometer
unit may be as effective as conventional lamp-based spectrometers in calculating the relative content of biomolecules. As histologic grade is becoming recognized as an increasingly
important measure of prognosis for patients with breast carcinoma, the measurement of
tryptophan ratios may also be useful in the assessment of these cancers. Further studies will
be needed to determine whether very high breast cancer tryptophan levels in those patients
with high-grade tumors might carry a worse prognosis, and thus necessitate more aggressive
treatment than would be done in patients with only slightly elevated levels.

Chapter 12
Tryptophan in Alzheimer’s Disease

12.1

Overview

There is mounting evidence that there exists a connection between abnormal tryptophan
metabolism and neurodegenerative diseases [113 - 115]. Optical tools such as fluorescence
spectroscopy and energy transfer are proposed as techniques which can be utilized to visualize
and gain information on these diseases. The relationship between tryptophan and tryptophan
metabolites (kynurenines) in 24 age-matched normal and Alzheimer’s disease human brain
tissues was investigated using label-free fluorescence spectroscopy. The use of non-invasive
optical techniques to investigate tryptophan and kynurenines from human brain Alzheimer’s
diseased tissue samples, in areas of the hippocampus, Brodmann’s areas 9 and 17, is reported
for the first time. Determinations of tryptophan to kynurenine ratios were used to measure
neurotoxic compounds and the degree of inflammation in the brain. These techniques may
be powerful tools in the study of Alzheimer’s and other neurodegenerative diseases.
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Introduction

Neurodegenerative diseases are a group of disorders characterized by the steady destruction
and loss of neurons in the nervous system, usually occurring in the elderly and progressing slowly, but sometimes manifesting in younger individuals or causing rapid neurological
dysfunction. These disorders can result in memory loss, mood changes, ataxia and tremors,
muscle weakness and atrophy, and often in dementia. Prominent examples of these disorders
are Alzheimer’s disease, Parkinson’s disease, Huntington’s chorea and amyotrophic lateral
sclerosis. Alzheimer’s disease affects the part of the brain involved with memory and language. There is no cure. It is estimated that the number of Americans with the disease will
be nearly 14 million by 2060 [116].
Under stress and other conditions, key pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin-1β, interleukin-6 and interferon-γ, are released, resulting
in stimulation of the key tryptophan metabolizing enzymes, indoleamine 2,3-dioxygenase
and tryptophan 2,3-dioxygenase. These enzymes accelerate tryptophan metabolism along
the kynurenine pathway and away from the serotonin-melatonin pathway, causing an increased production of neurotoxic and immunotoxic metabolites, such as quinolinic acid and
3-hydroxyanthranilic acid, as well as imbalances or deficiencies of key neurotransmitters
(Figure 12.1) [117 - 125].
Tissues from three areas of the brain (hippocampus, Brodmann’s area 9 and Brodmann’s
area 17) were obtained from five patients who had died with Alzheimer’s disease and from
three age-matched control patients (for a total of 24 specimens), and studied using labelfree (no dyes or biomarkers) fluorescence spectroscopy of key biomolecules. Steady state
optical spectroscopy can be utilized as an alternative technique to assess disease by determining and evaluating the different absorption and emission wavelength peak maxima of key
biomolecules.
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Tryptophan and the Kynurenine Pathway

Figure 12.1: The kynurenine pathway
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Abnormal or unbalanced tryptophan metabolism plays an important role in many neurological diseases, including Alzheimer’s disease [126 - 133]. Under stress conditions, proinflammatory cytokines, such as tumor necrosis factor-alpha, interleukin-1 beta, interleukin
6 and interferon gamma are released [134]. These cytokines stimulate key enzymes, indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO), which increase
tryptophan metabolism through the kynurenine pathway (Figure 12.1). This can result in
increased production of neurotoxic and immunotoxic compounds, such as quinolinic acid and
3-hydroxyanthranilic acid, as well as can cause imbalances in key neurotransmitters, such as
serotonin and melatonin (Figure 12.2).
Thus, the determinations of tryptophan to tryptophan metabolite ratios could potentially be used in these patients to measure IDO and TDO activity and the degree of neuroinflammation. Tryptophan (excitation 280/emission 340 nm) and its metabolites N-formylL-kynurenine (exc. 325/em. 434 nm), kynurenine (exc. 365/em. 480 nm) and kynurenic
acid (exc. 330/em. 390 nm) have distinct spectral profiles, giving optical fingerprints (Table
12.1). This label-free, optical technique may be useful in the study of Alzheimer’s disease
and other neurodegenerative diseases.
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Table 12.1: Optical properties of tryptophan and tryptophan metabolites
Biomolecules

Excitation (nm)

Emission (nm)

Tryptophan

280

340

N-formyl-L-kynurenine

325

434

Kynureninic Acid

330

390

Kynureine

365

480

Since increased tryptophan metabolism along the kynurenine pathway results in increased
production of neurotoxic metabolites, decreased tryptophan to metabolite ratios could theoretically be used to measure elevated indoleamine 2,3-dioxygenase and tryptophan 2,3dioxygenase activity in Parkinson’s and other neurodegenerative diseases. Lesniak et al have
developed a method for concurrent quantitative determination of tryptophan, serotonin (5HT), 5-hydroxyindoleacetic acid (5-HIAA), kynurenine, and kynurenic acid in tissues and
fluids using label-free, intrinsic absorbance and fluorescence spectroscopy [137]. As a proof
of concept, the optical properties of these molecules in solution (water: acetonitrile (90:10
v/v) and 0.14 % TFA solution at a concentration of 1 microgram/ml) were obtained using
a Cary 50 Bio UV-visible light spectrophotometer (Varian, Palo Alto, CA, USA) and a Shimadzu RF-5301 spectrofluorometer (Shimadzu, Columbia, MD, USA). The spectral profiles
of tryptophan, serotonin (5-HT) and 5-HIAA were similar due to their indole-like properties,
with excitation and emission wavelength maxima at 297 and 348 nm, respectively, and with
absorption peaks located at 220, 280 and 300 (shoulder) nm (see Figures 12.3). Kynurenine
had excitation maxima at 364 nm, emission maxima at 480 nm and absorption peaks at 226,
254 and 364 (shoulder) nm (see Table 12.1).
Similarly, the spectral profile of kynurenic acid revealed excitation peak maxima at 330
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nm, emission maxima at 390 nm and absorption peaks at 216, 242 and 330 nm. The intrinsic
fluorescence of kynurenine had not been observed in biological specimens prior to this study
because it had been previously thought that kynurenine did not fluoresce or was a weak
emitter (emission maximum at 480 nm after excitation at approximately 365 nm). However,
this study confirmed that kynurenine indeed has an intrinsic fluorescence. Concentrations
of these molecules in the brain and amniotic fluid were identified by using their intrinsic
fluorescence, and results were validated using mass spectroscopy. Determinations of these
ratios at various stages of these neurodegenerative diseases and in different areas of the
brain can give us further information about their causation and aid in the exploration of the
potential effectiveness of new treatments [137].

Figure 12.3: Excitation (A) and emission (B) spectral profiles of tryptophan (TRP), kynurenine (KYN) and kynurenic acid (KYNA) [137]
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Characteristics of Normal and Alzheimer’s Disease Patients and Optical Setup

Brain tissue samples from five Alzheimer’s disease patients and three aged-match controls
(marked as normal) for a total 24 specimens were acquired from the Human Brain and Spinal
Fluid Resource Center (a donor program of pre-and post-mortem tissues and cerebrospinal
fluid, blood and a collection of cryopreserved human neurological specimens for the neuroscientist, Los Angeles, California), and the Brain Endowment Bank (U Health (University
of Miami Health System)) [138 - 141]. Samples were neuropathologically diagnosed as normal brain or as “definite” Alzheimer’s disease. Samples from the hippocampus, Brodmann’s
area (BA) 9 and BA 17 were investigated. Table 12.2 summarizes the tissue structure, corresponding neuropathology diagnosis, gender and age. Figure 12.3 shows a cross-section of
patient 1’s brain (marked as 1 ALZ), with the hippocampus, BA 9 and BA 17 marked.

Figure 12.4: Pictures of brain tissue samples with key areas highlighted (hippocampus, BA9,
BA17)

The LS-50 Perkin-Elmer luminescence spectrometer was used to acquire the spectral profiles
from tissue specimen. This computer controlled spectrometer utilizes a Xenon (Xe) discharge
lamp light source in the wavelength region of approximately 200 to 800 nm. The emission
spectral profiles from the tissue samples were obtained using select excitation wavelengths
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Table 12.2: Information on brain tissue samples from patients with and without Alzheimer’s
disease
Sample (n)

Gender

Age

Tissue Structure

Diagnosis

1A

M

81

Hippocanpus

Alzheimer’s Disease

1A

M

81

Brodmann’s Area 9

Alzheimer’s Disease

1A

M

81

Brodmann’s Area 17

Alzheimer’s Disease

2A

M

81

Hippocanpus

Alzheimer’s Disease

2A

M

81

Brodmann’s Area 9

Alzheimer’s Disease

2A

M

81

Brodmann’s Area 17

Alzheimer’s Disease

3A

M

81

Hippocanpus

Alzheimer’s Disease

3A

M

81

Brodmann’s Area 9

Alzheimer’s Disease

3A

M

81

Brodmann’s Area 17

Alzheimer’s Disease

4A

M

85

Hippocanpus

Alzheimer’s Disease

4A

M

85

Brodmann’s Area 9

Alzheimer’s Disease

4A

M

85

Brodmann’s Area 17

Alzheimer’s Disease

5A

F

81

Hippocanpus

Alzheimer’s Disease

5A

F

81

Brodmann’s Area 9

Alzheimer’s Disease

5A

F

81

Brodmann’s Area 17

Alzheimer’s Disease

1N

M

80

Hippocanpus

Unaffected Control

1N

M

80

Brodmann’s Area 9

Unaffected Control

1N

M

80

Brodmann’s Area 17

Unaffected Control

2N

M

83

Hippocanpus

Unaffected Control

2N

M

83

Brodmann’s Area 9

Unaffected Control

2N

M

83

Brodmann’s Area 17

Unaffected Control

3N

M

83

Hippocanpus

Unaffected Control

3N

M

83

Brodmann’s Area 9

Unaffected Control

3N

M

83

Brodmann’s Area 17

Unaffected Control
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of 280, 325, 330 and 365 nm to highlight key biomolecules in each tissue sample.

12.5

Ratio of Emission Peaks from Tryptophan and its
Metabolites

The ratios of intensity peaks from the emission profiles from eight patients (24 samples)
were obtained. Tryptophan to tryptophan metabolite ratios were utilized to measure the
kynurenine pathway activity, and thus the degree of neuroinflammation. The tryptophan
to N-formyl-L-kynurenine ratio (exc. 280, em 340/exc. 325, em. 434), the tryptophan to
kynurenic acid ratio (exc. 280, em. 340/exc. 330, em. 390), the tryptophan to kynurenine
ratio (exc. 280, em. 340/exc. 365, em. 480) and the kynurenic acid/kynurenine ratio (exc.
330, em. 390/ exc. 365, em. 480) were used. Results show a difference in the optical
signatures in three important areas of the brain (hippocampus, BA 9, BA 17) between
patients with Alzheimer’s disease and aged-matched controls (normal). Figure 12.4 shows
the emission spectra from these tissue samples using an excitation wavelength at 280 nm.

Figure 12.5: Emission spectral profiles from brain tissue samples using 280 nm excitations
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Figures 12.5 (a-c) show the average ratio of intensity peaks from the hippocampus, BA9
and BA17 from tryptophan to N-formyl-L-kynurenine, kynurenic acid (shortened to Kynu
Acid) or kynurenine (Kynu).

Figure 12.6: (a-c): Ratio of tryptophan to tryptophan metabolite from Alzheimer’s disease
and age-matched normal control tissue samples
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Conclusion

24 human brain tissue samples from patients with Alzheimer’s disease and age-matched
normal were evaluated using label-free fluorescence spectroscopy. Emission spectral profiles
based on key intrinsic properties of the brain were obtained using select excitation wavelengths. Tryptophan metabolic ratios from tissue samples taken from the hippocampus and
in Brodmann’s area 9, areas known to be profoundly affected in patients with Alzheimer’s
disease, were increased. This suggests that tryptophan to tryptophan ratios are an important
tool in the assessment of neurodegenerative disease.

Part III
CONCLUSIONS AND FUTURE
DIRECTIONS
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Chapter 13
Conclusions and Quantum Effects in
the Brain

13.1

Conclusions

Several experiments were done to investigate the interaction of light’s intrinsic properties
and matter. The transfer of light’s polarization and angular momentum to electron’s spin
in gallium arsenide (GaAs) semiconductor materials was studied using time-resolved spectroscopy and complex light techniques. These experiments used light carrying spin angular
momentum (SAM), azimuthal, radial and orbital angular momentum (OAM) of different `
values. Complex light was generated using q-plates of different topological charge. A compact Cs-GaAs photocathode photonic device was introduced as a potentially new spintronic
device and utilized in these investigations. This device, with Cs-GaAs photocathode, acted
as both the sample and detector. An ultrafast Ti:Sapphire laser at select wavelengths representing different energies along the first Brillouin zone was utilized to produce SAM and
OAM light. The photonic device generated signals which were utilized to calculate the degree
of polarization of the recorded signal for SAM and OAM excitations at select wavelengths.
Light carrying OAM changed the signals, which were detected by the photonic device, and
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consequently changed the calculated degree of polarization of the photogenerated signals.
The results from these studies show that light carrying SAM and OAM may be utilized to
transfer information efficiently to the electrons in GaAs.
Several experiments were done to investigate the spin relaxation times of electrons in
a bulk p-GaAs sample and the Cs-GaAs photocathode device. In these studies, a streak
camera and Ti:Sapphire laser, at select wavelengths, were utilized to obtain time-resolved
photoemission lifetimes in terms of SAM and OAM excitations. Clear differences in the
lifetimes were observed when using SAM light and when using OAM light to excite the CsGaAs photocathode. The photoemission lifetime from bulk p-GaAs was also altered due to
OAM effects. A longer lifetime was seen using OAM light, suggesting that OAM light may
be a used as a mechanism for which information can be enhanced, and, thus may finally be
used in the field of spintronics. Though few studies have been reported on the use of OAM
light to probe orbital polarized electrons, these investigations show that light carry SAM
and OAM can generate photogenerated polarized electrons.
In the second part of this thesis, I show how I used label-free optical techniques to
investigate the interaction of light with biological tissue. Short wavelength infrared (SWIR)
wavelengths in the near-infrared (NIR) optical windows were used to image through tissue,
revealing hidden abnormalities. Total attenuation lengths were obtained from lipid-rich
tissues like brain and collagen-rich tissues like bone. A supercontinuum laser light source,
which provides a great number of photons and wavelengths in the SWIR range, was also
used to obtain images hidden of abnormalities.
Tissue samples from breast cancer patients were investigated using a compact, novel,
optical device and wavelengths in the ultraviolet and visible range to study tryptophan
and other biomolecules. Using the novel S3 -LED ratiometer unit, I was able to distinguish
malignant breast tissue from normal breast. These studies focused on the optical fingerprint
of tryptophan.
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As an extension of those studies, I investigated the optical properties of breast tissue
samples in terms of patient histologies. I found that high relative tryptophan content correlated with high histologic grade and large tumor size. It was also shown that there was
no correlation between tryptophan content and number of lymph nodes or HER2/neu receptor status. It is believed that energy transfer between tryptophan (donor) and NADH
(acceptor) in breast tissue samples with excitation wavelengths of 280 and 300 nm was also
observed. These results demonstrate the use of label-free spectroscopic techniques to assess
high grade breast cancers while highlighting the role of tryptophan in these cancers. It is also
worth noting, in these studies, the importance of histologic grade as a predictor of prognosis
in these cancers. As histologic grade is becoming recognized as an increasingly important
measure of prognosis for patients with breast carcinoma, the measurement of tryptophan
may be useful in the assessment of breast cancer. This connection could be a new way of
understanding the nature of breast cancer with correlation between increased tryptophan
content and histologic grade. Cancers take up excess tryptophan so they can metabolize it
to abnormal tryptophan metabolites which suppress the patient immune system [142].
The role of tryptophan in Alzheimer’s disease and normal brain was also investigated
using label-free optical techniques. The emission spectral profiles from human brain tissues
from patients with Alzheimer’s disease and age-matched controls were acquired. There
is mounting evidence that there exists a strong correlation between abnormal tryptophan
content and neurodegenerative diseases. I calculated the ratios of tryptophan to tryptophan
metabolite from tissue samples taken from the hippocampus and in Brodmann’s area 9,
areas known to be profoundly affected in patients with Alzheimer’s disease. It was found
that these ratios were increased. This suggests that tryptophan to tryptophan ratios are an
important tool in the assessment of neurodegenerative disease.
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Quantum Effects in the Brain

Future studies will use of the novel optical techniques highlighted in this thesis to investigate
coherence in the brain, revealing quantum effects among quasi-particles [143 - 149]. Special
paths for photons may exist in the brain via the tree-like structure, a connection of neurons
and axon branches believed to be responsible for the storing and retrieving of memory. It
is thought that photons enter the brain and travel through this special maze-like path, interacting with existing chiral proteins and lipid molecules [147 - 149]. A chiral medium is
described by neurons, an organization of integrated networks of protein polymers. When
light interacts with this medium, the state of polarization and OAM of the resultant light
beam will change. Circular, radial and azimuthal polarization states have been suggested to
probe chirality in biological media. Radial and azimuthal polarizations contain both right
and left circularly polarized light. These beams can have OAM as well as spin angular momentum (SAM) and may be used to probe coherence and interference in biological systems.
These features may be utilized to study functions of the brain. It is proposed that vector
beams interact with this medium by coupling light with electric dipole, magnetic dipole and
quadrupole moments. Electric quadrupole interactions enable light to possess the ability to
twist, giving light an advantage when traveling through a maze.
The generated beams from photoexcited amino acids like tryptophan may be studied
using the interference of light and the degree of visibility of the fringes. It is suggested that
quantum coherence using these processes can lead to a better understanding of the fundamental mechanisms by which neurons signal and process information [150 - 152]. Tryptophan
accounts for the majority of protein fluorescence in many biological tissues. Because of the
higher cell density and uncontrollable cell division in some tissues and cells, increased fluorescence of tryptophan should be expected. At an excitation of 280 nm, aromatic amino
acids (phenylalanine, tyrosine and tryptophan residues) can be excited; however, the emission is most heavily from the indole ring of tryptophan. Tryptophan has the unique property
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that it fluoresces strongly. It is unknown whether this property is what gives the brain its
uniqueness.
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